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ABSTRACT 
Specimens made from twelve types of repair material were 
exposed to chlorides on a one week wet/one week dry cycle and 
the time to corrosion and corrosion rates of embedded steel 
bars determined. Control specimens made from a good and 
moderate quality concrete were also assessed. Similar speci- 
mens without reinforcement were also exposed to chlorides and 
used to monitor the penetration of chlorides into the repair 
materials. The results highlight differences in performance 
between the materials and show that some provide good protec- 
tion against chloride-induced corrosion of embedded steel. 
Six of the repair materials were used to repair cavities cast 
into small reinforced concrete slabs. The slabs were exposed 
to the same chloride ponding cycle as above and the potential 
of the embedded bars and the galvanic current flowing between 
them was monitored. The performance of the interface between 
the parent concrete and repair material was shown to be criti- 
cal. Results from chloride penetration tests suggested that 
the interface may provide a relatively easy route for chloride 
ingress and this was reflected in the intense anodic regions 
found at the interface region on bars extracted at the end of 
the exposure period. Initiation of corrosion was much earlier 
for the repaired specimens than would have been expected from 
the results of the single material specimens. 
(c) Rennie Chadwick 1993 
Table of Contents 
Acknowledgments 1 
1 INTRODUCTION ......................................... 
3 
2 LITERATURE REVIEW .................................... 
10 
2.1 Introduction to Concrete ......................... 
10 
2.2 Introduction to Corrosion ........................ 
12 
2.3 Protection of Steel in Concrete .................. 
17 
2.4 Causes of Corrosion in Concrete .................. 
18 
2.4.1 Carbonation ................................. 
18 
2.4.2 Chloride Ions ............................... 
19 
2.5 Techniques for Measuring Corrosion of Steel in 
Concrete ............................................. 
30 
2.6 Research to Date on Corrosion Protection of 
Materials for Embedded Steel ......................... 
35 
2.7 References .................. 
39 
3 MATERIALS IN PROGRAMME ............................... 
52 
3.1 Introduction ..................................... 52 3.2 OPC Concretes and Mortars ........................ 52 3.3 Polymer Modified Mortars ......................... 53 3.3.1 Introduction ................................ 53 
3.3.2 Polymer Dispersions ......................... 54 
3.3.3 Polymer dispersions and hydraulic cement .... 55 
3.3.4 Materials used in the study ................. 55 
3.4 Polymer Concretes ................................ 56 
3.4.1 Introduction ................................ 56 
3.4.2 Polymer Chemistry ........................... 56 
3.4.3 Epoxy Resins ................................ 
57 
3.4.4 Methylmethacrylate Resin .................... 58 
3.5 Modified OPC Mortars ............................. 
59 
3.5.1 Silicate Modified Mortar .................... 60 
3.5.2 'Flowing' Mortar ............................ 
60 
3.6 Cement Replacement Materials ..................... 61 
3.6.1 Pulverized Fuel Ash (PFA) ................... 62 
3.6.2 Microsilica ................................. 65 3.6.3 Ground Granulated Blast Furnace Slag ........ 67 
3.7 References ....................................... 70 
4 PROPERTIES OF MATERIALS IN PROGRAMME ........ 000*00*00 81 4.1 Introduction ..................................... 81 4.2 Physical Property Tests .......................... 81 4.2.1 Compressive Strength ........................ 83 4.2.2 Compressive Modulus ......................... 84 4.2.3 Tensile Strength ............................ 84 4.2.4 Coefficient of Thermal Expansion ............ 84 4.2.5 Drying Shrinkage ............. eo. e. e9e.. 85 4.2.6 Capillary Absorption ........................ 85 
iv 
4.2.7 Adhesion Bond Strength ...................... 
86 
4.3 Results ....................................... .. 
86 
4.3.1 Cube Compressive Strength ................ 
:.. 88 
4.3.2 Compressive Modulus of Elasticity ........... 88 
4.3.3 Tensile Strength ............................ 
89 
4.3.4 Coefficient of Thermal Expansion ............ 89 
4.3.5 Drying Shrinkage ............................ 
90 
4.3.6 Capillary Absorption ........................ 
90 
4.3.7 Adhesion Bond Strength ...................... 
91 
4.4 Discussion ....................................... 
92 
4.5 conclusions ................... 0q0q0**q*******ee*e 
97 
4.6 References ....................................... 
97 
5 SINGLE MATERIAL SPECIMENS ............................ 
107 
5.1 Introduction ..................................... 
107 
5.2 Specimen Manufacture ............................. 107 
5.2.1 Bar Preparation ............................. 108 
5.2.2 Casting Procedures .......................... 109 
5.2.2.1 General ................................. 109 
5.2.2.2 OPC Based Materials ..................... log 
5.2.2.3 Pre-batched Cementitious Repair Materials 
110 
ym in 
Lightweight Epoxy Resin Mortar and Methyl-metha- 
crylate Mortar (MMA) *9*96*9966064969906 ......... 
5.2.3 Mould Filling ............................... ill 
5.3 Testing Procedure ................................ 112 
5.3.1 Ponding Regime .............................. 112 
5.3.2 Half-cell Potential ......................... 113 
5.4 Polarization Resistance .......................... 114 
5.5 Chloride Ion Profiles ............................ 
116 
5.6 Destructive Examination ..................... ... 
116 
5.7 X-Ray Photo-electron Spectroscopy (XPS) ..... 
::... 
118 
5.8 References ....................................... 
118 
V 
6 RESULTS AND PRELIMINARY DISCUSSION FOR THE SINGLE 
MATERIAL SPECIMENS 0000009 ... 129 
6.1 Introduction ................................. 
: 
... 129 
6.2 Results Summary .................................. 
129 
6.3 Detailed Results ................................. 
133 
6.3.1 OPC Concretes and Mortars 133 
6.3.1.1 Good OPC Concrete ....................... 
133 
6.3.1.2 Moderate OPC Concrete ................... 
135 
6.3.1.3 Sand/Cement Mortar .................. ... 
137 
6.3.1.4 10mm Aggregate OPC Concrete ......... 
: 
... 139 
6.3.2 Pre-batched Cementitious Repair Materials ... 142 
6.3.2.1 SBR modified mortar ..................... 
142 
6.3.2.2 Acrylic modified mortar ................. 
143 
6.3.3 Modified OPC Mortars ................... ... 
143 
6.3.3.1 Silicate Modified Mortar ........... 
::... 143 
6.3.3.2 Flowing Concrete 144 
6.3.4 Epoxy Mortars ........................... 
:::: 145 
6.3.4.1 Methyl-methacrylate Mortar .............. 
145 
6.3.5 Cement Replacement Materials ........... ... 
145 
6.3.5.1 PFA/OPC Concrete ................... 
::... 145 
6.3.5.2 GGBFS/OPC Concrete ...................... 
146 
6.3.5.3 Microsilica/OPC Concrete ........... ... 147 
6.4 Chloride Penetration Profiles ............... 
::... 148 
6.5 References ....................................... 148 
7 DISCUSSION OF RESULTS FROM THE SINGLE MATERIAL 
SPECIMENS .............................................. 186 
7.1 Introduction ...................................... 1s6 
7.2 Chloride Penetration ............................. 186 
7.3 Destructive Examination .......................... 190 
7.3.1 Visual Inspection ........................... 190 
7.4 XPS Analysis ..................................... 
193 
7.5 Corrosion Behaviour Discussion ................... 193 
7.6 Conclusions from single material specimens ....... 200 
'7.7 References .... 202 
8 COMPOSITE MATERIAL SPECIMENS 227 
8.1 Introduction ..................................... 227 8.2 Specimen Manufacture ............................. 228 
8.2.1 Reinforced Composite Specimens .............. 228 
8.2-1.1 Bar Preparation ......................... 229 8.2-1.2 Casting Procedures - Parent concrete .... 229 8.2.1.3 Surface Preparation ..................... 230 8.2.1.4 Repair Procedures ....................... 231 
8.2.2 Half & Half Specimens ....................... 234 
8.2.2.1 Manufacture ............................. 234. 
8.3 Testing Procedures ............................... 235 
8.3.1 Half-cell Potentials ........................ 235 
8.3.2 Current Readings ............................ 236 
8.3.3 Chloride Ion Profiles ....................... 236 
8.4 References ....................................... 238 
9 COMPOSITE MATERIAL SPECIMENS RESULTS AND DISCUSSION .. 248 
vi 
9.1 Results of Half-cell potential and Galvanic 
Current Monitoring ................................... 248 
9.1.1 Introduction ................................ 248 
9.1.2 Lightweight Epoxy Resin Mortar ............. 248 
9.1.3 10mm Aggregate Concrete ..................... 250 
9.1.4 Flowing Concrete ............................ 253 
9.1.5 SBR Modified Mortar ......................... 255 
9.1.6 GGBFS/OPC Concrete .............. 000000000000 257 
9.1.7 Acrylic Modified Mortar ..................... 259 
9.2 CHLORIDE PROFILING RESULTS ....................... 262 9.2.1 Lightweight Epoxy Resin Mortar ............. 263 
9.2.2 10mm Aggregate Concrete ......... 0*0000000000 263 9.2.3 Flowing Concrete ............................ 264 9.2.4 SBR Modified Mortar ......................... 265 9.2.5 GGBFS/OPC Concrete .......................... 266 9.2.6 Acrylic Modified Mortar ..................... 267 9.3 DESTRUCTIVE EXAMINATION OF SPECIMENS ............ 267 9.3.1 Lightweight Epoxy Resin Mortar .............. 268 9.3.2 10mm Aggregate Concrete ...... 966900666990906 268 9.3.3 Flowing Concrete ............................ 269 9.3.4 SBR Modified Mortar ........................ 270 9.3.5 GGBFS/OPC Concrete .......................... 270 9.3.6 Acrylic Modified Mortar ..................... 271 9.3.7 Additional Visual Observations .............. 271 9.4 DISCUSSION OF RESULTS ........................... 272 9.4.1 Introduction ................................ 272 
9.4.2 Performance Criteria ........................ 273 
9.4.3 Composite Specimen Performance .............. 276 9.4.4 comparison of Composite and Single Material 
Performance ....................................... 293 
9.5 conclusions ...................................... 297 
9.6 References ....................................... 298 
10 CONCLUSIONS ......................................... 345 
11 RECOMMENDATIONS FOR FURTHER WORK .................... 349 
Appendix A Details of Chloride Concentration Measurement 
and Calculations ....................................... 352 
vii 
Thanks are due to the many friends and colleagues who with 
their constant and enduring support have assisted me through 
the work described in this thesis. In particular I would like 
to thank Dr Jeff Keer and Dr Dave Hannant, my supervisors, 
Nigel Mobbs (and his various assistants) for technical support 
and latterly Dr Gareth Glass, my colleague at Taywood Engin- 
eering Limited, for his encouragement. 
I would also like to thank the following organizations for 
their assistance, FeRFA, Aquajet (UK) Ltd. Elkem, civil & Mar- 
ine and Redland Aggregates. 
Finally, this thesis would not have been possible without the 
everlasting patience Of my wife Deborah, and the encouragement 
of my family, to whom I am eternally grateful. 
4. 
1 
To my wife and parents. 
It used to be assumed by designers, constructors and owners of 
reinforced concrete structures that reinforced concrete is a 
maintenance free composite. This assumption has been proven to 
be false with what appears to be an increasing frequency in 
recent years. Deterioration has been found in many concrete 
bridges throughout the United Kingdom, as highlighted by a 
recent survey [1.1]. The main cause of this deterioration is 
chloride ion induced corrosion of steel reinforcement. 
For concrete bridges the chlorides are usually derived from 
the de-icing salts used to maintain the roads in a safe condi- 
tion during the winter months. The chloride ions penetrate the 
concrete in solution, disrupt the passive oxide film which 
normally prevents the steel from corroding, and promote dis- 
solution of the steel. 'This form of corrosion is referred to 
as pitting corrosion and can result in rapid loss of section. 
The products of the corrosion reactions have a greater volume 
than the original steel and therefore place tensile bursting 
forces on the surrounding concrete. Small amounts of corrosion 
product can generate the forces necessary to cause the con- 
crete to crack, the cracks allow easier access-to the steel 
and the corrosion rate accelerates. As the corrosion proceeds 
the loss of concrete may cause safety problems from falling 
concrete and eventually structural problems. 
Concerns over the durability of reinforced concrete are not 
limited to highway structures. The corrosion aspects of marine 
structures were addressed at some length by the DTI Concrete 
in the Oceans study [1.2], aimed at developing durable con- 
cretes for off-shore structures in the North sea. -The main aim 
of the study was to assess the risk of chloride induced 
corrosion of reinforced concrete. 
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This was not the first time that concerns were raised over the 
risks of chloride induced corrosion of concrete. Pullar- 
Strecker presents a history of the publications related to the 
risks of calcium chloride and corrosion of reinforcement in 
his book 'Corrosion Damaged Concrete - Assessment and Repair, 
[1.3]. This clearly demonstrates that the risks of chloride 
induced corrosion were documented long before they were recog- 
nized by the standards organisations. 
The need to produce structures which are both structurally 
safe and durable is now recognized by some of the various 
codes and standards which deal with reinforced concrete. It is 
covered in the UK by BS 8110 [1.4]. In the code there is a 
section dedicated to the durability of the structure. The 
basic concepts used to design for durability are depth of 
cover to the steel, maximum free water/cement ratios and mini- 
mum cement contents. Additionally there are limits set for the 
allowable levels of aggressive anions such as chloride. 
similar approaches are used in the American, European and 
Japanese codes (1.5-1.7]. 
However, current experience, supported by recently published 
research (1.8], suggests that there remain improvements to be 
made with this approach. As a result, there are a substantial 
number of structures which were, and continue to be, con- 
structed prior to the understanding of the importance of dur- 
able concrete. Subsequently, there is a growing requirement 
for repair and maintenance of reinforced concrete structures. 
Repair of reinforced concrete structures is not a new field. 
There are repair contractors in business today with over - 
thirty years experience, [1.9]. Early repairs such as these 
were generally made with sprayed concrete, although some pro- 
prietary approaches using rust inhibitors were made. During 
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the 1970's the scale of the problem increased and in 
particular the system built structures were found to be lack- 
ing in durability. As the size of the repair market increased 
so did the interest in providing purpose designed materials. 
This lead to the involvement of large construction chemicals 
companies such as Sika, Fosroc, Feb and Cormix. 
Estimates as to the value of the concrete repair market vary. 
The cost of repairing the trunk road and motorway bridge stock 
over the next 10 years has been estimated as E616 million 
[1.1]. Another recent report valued the UK repair market at 
approximately E590 million/year [1.10]. The importance of con- 
crete repair is also reflected by the number of major con- 
struction groups who have a company specialising in this 
field, they include Tarmac, Taylor Woodrow, Balfour Beatty, 
Nuttalls and Gleesons. 
As mentioned above, the increase in size of the concrete 
repair market has resulted in an increasing number of 
materials offered by the manufacturers.. In the UK the manufac- 
turers have formed a trade association (FeRFA - Federation of 
Resin Formulators and Applicators) and an industry wide group, 
the Concrete Repair Association. The aims of these two bodies 
are to promote the development of soundlyengineered procedures 
for repair of concrete. The support of FeRFA for the work 
undertaken during this study is gratefully acknowledged, as 
are the discussions that the author has subsequently held with 
members of both organisations. 
Because of the wide range of causes, structuresand environments 
that iequire concrete repair an enormous range of materials 
are available. The size of a repair can vary in thickness'from, 
a few millimetres to several hundred millimetres and the area 
of repair can vary from less than 0.01 M2 to tens or hundreds 
5 
of square metres. The materials available are correspondingly 
disparate, Aalmed at different end uses. ordinary Portland 
cements are commonly used in combination with specially graded 
aggregates to produce pre-batched concretes or mortars. These 
concretes perform a similar purpose to the original concrete, 
they provide a highly alkaline, chloride free environment 
around the steel. This promotes the re-formation of the pro- 
tective passive oxide film. Other cement based materials may 
be modified by the addition of admixtures to enhance the 
Iflowability' of the material or its Isprayability'. Emulsions 
of polymers such as styrene butadiene rubber (SBR) and styrene 
acrylics are added to cement based mortars with claimed 
improvements in bond strength and reduced chloride penetra- 
tion. Use of cement replacement materials such as micro- 
silica, blast furnace slag and pulverised fuel ash are 
reported to reduce the mobility of chloride ions and the 
permeability of concretes. other materials utilise polymers as 
the binder, this group of materials includes epoxies and 
methyl-methacrylates. They provide protection to the steel by 
forming a barrier between the steel and the environment. 
There are two main causes of reinforcement corrosionj both of 
which involve the loss of the passivating layer of iron oxide 
around the reinforcement. The first of these, known as carbon- 
ation, occurs when carbon dioxide from the atmosphere combines 
with moisture in the concrete pores to produce a mild carbonic 
acid. This acid reduces the general pH level of the concrete. 
If the level of alkalinity around the steel falls below a 
level Of approximately 10 then the passive film cannot be 
maintained. As a result the steel is left in an environment 
where general corrosion can occur. Repairs to this type of 
problem have been shown to be durable provided that an alka- 
line environment can be restored around the steel and the 
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diffusion of carbon dioxide into the concrete is reduced. This 
is commonly achieved by the use of cement based repair 
materials in the damaged areas followed by the application of 
a suitable coating over the surface of the concrete. More 
recently electrochemical techniques have been developed to 
restore the alkalinity, although a coating is still applied to 
reduce subsequent carbon dioxide ingress [1.11,1.12]. 
The second cause of reinforcement corrosion is the chloride 
ion. The chloride ion may be environmentally sourced or have 
been mixed in the fresh concrete. The chloride ion promotes 
corrosion of the steel by disrupting the passive oxide film 
and encouraging iron ions to leave the metal lattice and go 
into solution as iron ions. Repairs to this type of damage can 
be effected by either using a range of different materials as 
described above or using the electrochemical techniques of 
chloride extraction or cathodic protection. The performance of 
repairs, both conventional and electrochemical, has been 
varied. It is recognized within the repair industry that 
chloride induced corrosion problems are inherently more diffi- 
cult to combat. Some manufacturers state that their materials 
are not to be used in areas where chlorides have been 
identified as the cause of the corrosion. 
One of the problems which an engineer has to face when design- 
ing repairs to a structure is how to select the materials he 
wishes to use. To date there are no National Standards within 
the uK to which the engineer can refer, nor is there a widely 
available data-base of information on the performance of 
repair materials in specific applications. The best, and fre- 
quently only, source of information is that available from the 
manufacturer of the material themselves. In some cases this 
may be in the form of a British Board of Agrement certificate. 
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Additionally, some manufacturers may be able to provide 
technical support for their materials and demonstrate the 
development work with practical examples of where the material 
has been used. Frequently however, the notion that the 
material has worked is based on a lack of visible signs of 
distress, or, more frequently, the fact that it hasn't yet 
fallen off. 
Although some test methods have been developed to assess the 
physical properties of a material which are thought to con- 
tribute to its performance, these are not yet embodied as a 
mandatory requirement in National Standards. Nor has it yet 
been demonstrated which property or group of properties are 
critical in determining material performance. 
With these problems in mind this study sets out to compare the 
performance of a range of repair materials in their ability to 
provide protection to embedded reinforcement against chloride 
ion induced corrosion. The objective of the study is to assess 
the performance of the materials both individually and as a 
composite (i. e a repair patch) with concrete. The physical 
properties of the materials will be measured to establish 
which, if any, of these characteristics control their cor- 
rosion performance. The main emphasis of the study is to 
measure the corrosion related performance of the materials. 
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2.1 Introduction to Concretg 
Concrete is a composite material formed 
' 
from the mixing of 
coarse and fine aggregates with water and a cementitious 
compound in suitable proportions. The action of the cement 
and the water produces hydration products which transform 
the plastic mixture into a hardened mass. The properties of 
the resultant material are dictated by the properties of its 
component parts, the proportions in which they are mixed, 
how they are mixed and the environment to which they are 
exposed during and after mixing. Understanding of the physi- 
cal properties of cement paste and concrete has been greatly 
advanced by the work of Powers (2.1]. 
An early example of the use of concrete was the construction 
of the Pantheon by the Romans [2.2]l where the concrete was 
a mixture of tuff and naturally occurring pozzolans. The 
Romans cast large volumes of concrete, much of which is 
Still in evidence today, thus demonstrating the inherent 
durability of concrete as a material. 
Until the late eighteenth century, concrete continued to be 
made from locally available materials. This restricted its 
use to those areas with the natural resources for making a 
cementing compound. The major development came with the 
introduction of a manufacturing process for the cementing 
compound. This breakthrough is generally attributed to Asp- 
dint a builder from Leeds, who obtained a patent in 1824 for 
manufacturing cement. Because of the similarity between the 
colour of the hardened cement and natural Portland stone the 
material was referred to as Portland cement. 
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In its unhydrated form cement mainly consists of four min- 
erals, referred to in cement chemistry shorthand as C3S. 
C2S. C3A and C4AF. These are tricalcium silicate, dicalcium, 
silicate, tricalcium aluminate and tetra calcium alumino 
ferrite respectively. Table 2.1 gives typical percentages of 
the components of a UK OPC. 
Table 2.1. Typical percentages of components in UK OPC 
[2.2]. 
C3S S C2S C3A C4AF Free CaO 
39- 
E 
9- 53 15 - 34 7- 15 5- 11 0.6 -2 
When OPC is mixed with water it hydrates to form a hardened 
mass of calcium-silicate-hydrate gel and calcium hydroxide, 
formed mainly from the hydration reactions of the C3S and 
C2S. The solubility of calcium hydroxide is low and 
therefore it readily precipitates out of solution. Other 
hydroxides, sodium and potassium, are also liberated by the 
hydration reactions. It is the presence of these hydroxides, 
together with the buffered levels of calcium hydroxide which 
maintain the alkalinity of the pore solution within the 
concrete at levels around pH 13. This is a simplification of 
what is a very complex process, a comprehensive review of 
the subject is given by Lea [2-2]. 
The next major development came with the inclusion of steel 
within the concrete to form reinforced concrete in the last 
half of the nineteenth century. It may be expected that 
incorporating steel in concrete would automatically lead to 
corrosion problems. Concrete is known to be a porous 
material with a capillary pore structure. This will allow 
the free passage of water and oxygen to the surface of the 
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steel causing corrosion like that seen on steel exposed to 
the atmosphere. However, this form of corrosion does not 
ordinarily occur because of the protective nature of the 
concrete, this will be covered in more detail in section 
2.3. 
2.2 Introduction to Corrosioll 
Corrosion is an electrochemical process in that it involves 
both chemical reactions and electrical processes and is 
defined by Shreir as 'The transformation of a metal used as 
a material of construction from the elementary to the com- 
bined state (i. e. corrosion product) by reaction with 
non-metallic constituents in the environment. ' [2.3]. 
For corrosion to occur five components are required: 
i) Anode - the site where the metal goes into solution and 
electrons are liberated. 
ii) Cathode - the site where electrons are consumed. 
iii)Electronic contact between the anode and the cathode (to 
allow electron flow between the two sites). 
iv) Electrolyte -a solution in contact with both the anode 
and cathode in which the conduction of electric cur- 
rent occurs by transport of dissolved cations and 
anions. 
V) A cathodic reactant -a species which consumes the 
electrons at the cathode and is reduced. 
The corrosion process can be explained by thermodynamics. It 
is a thermodynamic principle that for a reaction to proceed 
spontaneously in a given direction the chemical energy of 
the reactants must be 
, 
greater than that of the products. In 
nature iron is most commonly found as iron oxides, similar 
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to rust. To turn this into an engineering material the 
oxides have energy added to them in the form of heat. As a 
result, engineering metals have a higher energy level than 
their natural state and will therefore tend to corrode in 
order to reduce their energy level. 
Corrosion of a metal in an aqueous systemr such as the pore 
solution of concrete, results in the transfer of electrons 
from the anodic site to the cathodic site, while ions are 
transported through the solution to maintain the charge bal- 
ance. To understand the thermodynamics and kinetics involved 
it is best to examine the charge transfer and electrode 
reactions that occur at each of the electrodes in the cor- 
rosion cell (i. e. the anode and cathode). 
At the anode the metal loseselectrons and goes into solution 
as positively charged ion. 
Fe -ý Fe 
2+ 
+2e 
At the cathode the electrons are consumed and oxygen is 
reduced. 
1 
ý02+ H20 + 2e -ý: 2(OH-) 
These two reactions are referred to as half reactions and 
must take place at corresponding rates for corrosion to 
occur. Figure 2.1 shows schematically how these reactions 
occur on steel in concrete where the corrosion has been 
induced by chloride ions. Because the anodic and cathodic 
sites are physically separated from each other, the elec- 
trons must travel between them. Therefore it can be seen 
that corrosion results in current flow and this is one of 
the ways in which corrosion rates can be quantified. 
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Current flow must also be associated with a potential dif- 
ference between the anode and cathode. Because it is not 
possible to measure absolute values of electrode potential, 
relative values are measured using reference electrodes, or 
half-cells, which have a constant electrode potential. For 
steel in concrete the most commonly used reference elec- 
trodes are copper/Copper Sulphate, Calomel and Silver/Silver 
Chloride. Each of these reference electrodes are reversible 
electrodes at which single charge transfer reactions are in 
equilibrium under defined conditions. 
The potential of a single electrode can be calculated from 
the Nernst equation: 
E-EO+ 
RT 
In 
ZF 
[CI n' [DI 
nd 
[A , n, [B] 
nb 
Where E is the electrode potential, EO is the standard elec- 
trode potential, R is the gas constant, T is the absolute 
temperature, Z is the transference of electrons, F is the 
Faradays constant, A and B are the reactants, C and D are 
the products and n, is the number of moles of component A. 
Corrosion is thermodynamically possible if the reversible 
potential of the cathodic reaction is more positive than 
that of the anodic reaction. Using the thermodynamic data it 
is possible to predict the most stable reaction products for 
a given set of electrode potentials'and solution parameters. 
This data can be easily represented on a diagram which uses 
potential and pH as its axes, these types of diagram are 
referred to as Pourbaix Diagrams after M. Pourbaix who first 
collected the data on which they are based. Figure 2.2 shows 
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the Pourbaix diagram for iron in water at 250C (2.4]. Using 
diagrams such as these it is possible to predict the most 
favoured reactions. 
Thermodynamics can be used to predict the likelihood of cor- 
rosion, what they cannot do is to give any indication of the 
rate of corrosion, i. e. how fast corrosion takes place. To 
establish the rate of a corrosion reaction we need to look 
at kinetics. 
If an electrode is sitting at its reversible potential, then 
it is going into solution at one site as fast as it is being 
plated out at another and the net current density = io. If a 
potential difference is imposed, called an over potential, fl 
then the forward current is greater than the reverse cur- 
rent: 
'A = exp 
ctZFil io 
RT 
and 
ic-exp aZFil io 
RT 
Where iA is the anode current density, Z is the valence of 
the metal, F is Faradays number and (i is the transfer 
coefficient. 
Combining these two equations we get the Butler - Volmer 
equation which gives the nett current i: 
i=io exp aZFTI exp 
(I -ct)ZFij I 
RT RT 
As the overpotential increases then the first term will tend 
to dominate giving: 
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i= ioexp aZF71 
RT 
This is the Tafel equation and can be expressed as: 
i 
TI = PA109 
io 
Where 13A is the Tafel slope for the anodic reaction and is a 
constant. The relationship between overpotential and current 
density is used to construct a polarization curve which in 
general reflects a tendency for the reaction rate to 
increase as the overpotential increases. However, steel in 
concrete is capable of supporting different reactions at 
different potentials and this results in what may appear to 
be unusual behaviour as shown by the polarization diagram in 
Figure 2.3. The diagram shows that across a wide potential 
range steel in concrete is in a passive state, the current 
density measured is just that required to maintain the pass- 
ive film and is of the order of 0.01 - 0.1 MA/m2. 
The polarization diagram shown in Figure 2.3 is modified by 
the addition of aggressive anions such as chlorides to the 
solution. These ions promote the dissolution of the steel in 
concrete and as their concentration increases the passive 
region reduces as shown in Figure 2.4. 
Anodic polarization curves only show half of the story as 
they only represent the anodic half of the corrosion cell of 
steel in concrete. By putting the polarization diagrams for 
cathodic and anodic processes on one set of axes we can 
construct an Evans diagram. The intercept between the two 
curves gives values for Ecorr and icorr the corrosion poten- 
tial and corrosion current respectively. Figure 2.4 shows 
typical behaviour for corroding steel in concrete where the 
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concentration of chlorides at the surface of the steel is 
increasing. As the concentration of chlorides increases the 
passive region is reduced and the critical pitting potential 
moves to steadily more negative values. As the pitting 
potential moves more negative then the intercept between the 
anodic and cathodic curves moves to higher values of cor- 
rosion current, i. e. the corrosion rate increases. 
As explained in section 2.2 the thermodynamics of a metal in 
solution can be represented by a Pourbaix diagram. Examin- 
ation of the diagram for iron in water shows that at the pH 
levels experienced by steel in concrete the steel is in the 
passive region. In this state an oxide film forms on the 
surface of the steel and prevents further corrosion from 
occurring. The nature of passive film formation and mainten- 
ance has been studied by Page [2.5] who proposed that the 
protective mechanism had two components. The first is a lime 
rich layer (Ca(OH)2) which forms on the surface of the 
embedded steel, this provides a local buffer of alkali to 
maintain the pH at high levels close to the steel surface. 
The second component is the oxide film, the composition of 
the film has been the subject of research [2.6.2.7). 
Although its precise make up is not yet known, it is reason- 
able to say that it is a combination of Fe203 and Fe304. For 
corrosion of steel in concrete to start, changes to these 
protective systems must be made. 
In addition to the lime layer and passive film, the concrete 
also provides protection to the embedded steel by virtue of 
the thickness and quality of the 'cover' concrete. Unless 
the promoter of corrosion has been included in the concrete 
during the construction phase then it must penetrate the 
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concrete to reach the surface of the steel. The quality of 
the cover concrete plays an important role in preventing 
corrosion. The factors involved are considered in some 
detail in the following sections. 
Changes in the alkalinity of concrete are as a result of 
the ingress of acidic substances. The most common of 
these is carbonic acid, formed by the combination of car- 
bon dioxide and moisture from the atmosphere. This acid 
reacts with the alkaline components of the concrete to 
form carbonates and can be represented by the following 
equations: 
C02 + H20 -ý H2CO3 
Cý'(OH)2+ H2CO3 -ý CaCO, + 2H. 0 
The above equation is a simplification of the process as 
the other alkalis within the concrete (NaOH and KOH) are 
also involved. The rate at which carbonation, as this 
process is called, takes place has been the subject of 
several studies, including those by Schiessl and Tuutti 
[2.8; 2.9]. Although the conclusions from each study have 
differed in detail, the general consensus is that the 
depth of carbonation (x) is related to the time (t) by an 
equation of the form: 
dx. 
k rt 
dt 
where k is a constant which is dependant on the water/ce- 
ment ratio, curing, cement type, relative humidity, tem- 
perature etc. 
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Notwithstanding the question of predicting the rate of 
carbonation, its effect is to reduce the alkalinity of 
the concrete from pH 13 to pH 8-8.5. This reduction in 
alkalinity means that the passive film cannot be main- 
tained and, subject to the ionic conductivity of the con- 
crete and availability of oxygen, corrosion may start. 
It is easiest to consider chlorides in two separate 
classes, internal and external. Internal chlorides are 
those which are present in the concrete from the time of 
mixing. They may be there as a result of contaminated 
aggregates, mix water or a calcium chloride based admix- 
ture. External chlorides are those which penetrate into 
the concrete with time from the environment. The two 
major sources are sea-water and de-icing salts, although 
in some locations chlorides may be present in the ground 
water. 
As shown in section 2.2 above the addition of chlorides 
to concrete has the effect of reducing the pitting poten- 
tial of the steel and restricting the potential region 
over which the steel can maintain a passive film. 
Understanding of the corrosion related risks of adding 
chlorides to concrete has been developed over a number of 
years. A chronological development of the research into 
the corrosion of steel in concrete induced by the pres- 
ence of calcium chloride admixtures is given by Pullar- 
Strecker [2.10]. 
Although it would now appear obvious that sea-water is a 
source of chloride attackj the primary concern of 
, 
research into the durability performance of concretes in 
sea-water was related to the dissolution of the cement 
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paste by sea-water. The problem of chloride induced cor- 
rosion of reinforcement in marine structures was identi- 
fied by Halstead & Woodworth in 1955 [2.11]. Concerns 
over the corrosion of reinforcement were also noted by 
Gjorv in 1972 [2.12]. By inference Dyton also reported 
corrosion of reinforcement in marine structures in his 
paper E2.13] where he described case histories of 
repairs. As a result of this recognition of the problem, 
a research programme was launched in the UK by the 
Department of Trade and Industry, referred to as the 
'Concrete in the oceans' programme, with the aim of 
ensuring that reinforced concrete used for the off-shore 
oil industry was sufficiently durable [2.14]. 
The risks of externally sourced chloride induced cor- 
rosion of reinforcement in land based structures do not 
appear to have been anticipated. The cause of the problem 
was the adoption of a dry pavements policy in the USA and 
the UK, rock salt was spread on the roads during the 
winter months to prevent ice forming. As a result chlor- 
ides penetrated into the reinforced concrete highway 
structures and caused corrosion of the reinforcement. 
In 1957 Stratfull identified that chlorides incorporated 
into de-icing salts were the cause of extensive corrosion 
of reinforcement in concrete bridge decks [2.15). His 
observations were corroborated by Coppard (2.16]. There 
does not appear to have been recognition that a similar 
problem would occur in the UK, this may in part have been 
due to the belief that the bituminous asphalt wearing 
courses used on most bridges in the UK would act as a 
waterproofing membrane. Most bridges in the USA have con- 
crete running surfaces. 
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As the problem of chloride induced corrosion of rein- 
forcement became more common, interest in both the prob- 
lem and possible remedies increased. In the USA an ACI 
committee published a document on the problem (2.17] 
while in the UK the Concrete Society have published a 
Technical Report on the subject of concrete repair 
[2.18). 
For corrosion to start, the steel must lose the protec- 
tive mechanisms described in section 2.3, the portlandite 
layer and the passive film. Page reported that the 
portlandite layer was imperfect [2-5]. suggesting that 
the primary protection is offered by the passive film. 
The exact nature of passive film breakdown is not clear. 
The presence of chlorides does not affect the pH of the 
concrete so it may be expected that the oxide film would 
be maintained. A review of the different corrosion states 
of steel in concrete is given by Arup (2.19). He 
describes the passive film as being a dynamic layer in 
which defects occur, these are then 'repaired' by the 
formation of more passive film at the damaged site. 
It has been shown by Sato C2.20] that pitting is a sto- 
chastic process and will tend to occur where the protec- 
tion is weakest. This is likely to be those locations 
where there are imperfections in the portlandite layer. 
Recent work by Leek [2.21] has shown that the breakdown 
of passivity by chloride ions is a process involving the 
dissolution of the portlandite layer followed by destabi- 
lisation of the bond between the oxide film and the steel 
substrate. once the bond has been broken then surface 
tension effects within the oxide film act to propagate 
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the disruption of the film. As a result there is an area 
of steel surface which is no longer protected by the 
oxide layer and a pit is initiated. 
Chloride induced corrosion of steel in concrete is auto- 
catalytic, in that the promoter of the corrosion reac- 
tions, chloride is not consumed by the corrosion process. 
As the iron ions are liberated from the metal lattice at 
the surface, they go through a series of reactions com- 
bining with the available ions. The final stable cor- 
rosion products formed depend on the availability of 
hydroxyls. The formation of the anodic site tends to 
promote corrosion, the solution within the pit becomes 
more acidic, the area becomes negatively charged and thus 
attracts more chloride ions to the area. Hydroxyl ions 
are also attracted to the corrosion site and they combine 
with the liberated iron ions to form the corrosion prod- 
ucts. The corrosion products have a volume between 2 and 
4 times greater than that of the original metal. The 
accumulation of these expansive products exerts tensile 
forces on the concrete adjacent to the steel, concrete is 
a brittle material and therefore cracks. As little as 
o. 1mm of corrosion may be sufficient to cause the con- 
crete to crack. The cracks allow easier access for the 
chlorides and so the corrosion proceeds. 
Penetration Mechanisms 
The ingress of chlorides into concrete is linked to the 
movement of water. This is because the chlorides are gen- 
erally water borne and can only penetrate the concrete in 
solution. However, it is possible for wind-borne salts to 
result in a high surface chloride concentration. This is 
particularly important in coastal regions. There are 
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three different mechanisms involved in the ingress of 
chloride ions into concrete, permeability, a4sorption, as 
a result of water penetration, and diffusion. 
The permeability of concrete is its resistance to the 
ingress of a liquid under pressure. k4sorption is the 
tendency of concrete to suck in water under capillary 
action after a drying period. Diffusion is the movement 
of ions across a concentration gradient to equalize the 
concentration. 
Most of the research on the ingress of chlorides into 
concrete has concentrated on the diffusion mechanism, the 
movement of chloride ions across a concentration gradi- 
ent. 
Browne presents a classical approach to the problem by 
using a solution of Fick's law to establish the diffusion 
coefficient from a drilled dust sample [2.23]. This 
method has its main drawback in assuming that the surface 
concentration is steady. In practice this may not be the 
case as the surface concentration of chloride, required 
to calculate the diffusion gradient could vary with time. 
However, as Browne notes, this approach seems to corre- 
late reasonably with data from a number of structures and 
may be sufficiently robust for use as a site 
investigation technique. 
Laboratory investigations into the diffusion of chlorides 
through cement based materials were carried out by Colle- 
pardi et al [2.24). They investigated the penetration of 
CaC12 into concretes and cement pastes with different 
compositions. Their results showed that pozzolanic, addi- 
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tions reduced the chloride diffusion and attributed this 
to the interaction between the Cl- ions and the pore 
walls and the mobility of water through the gel pores. 
Page et al [2'. 25) describe a method of determining the 
diffusion coefficients of cement based materials and 
presented data to support the technique. They found that 
diffusion was markedly increased as the w/c increased 
from 0.5 to 0.6, they attributed this to the presence of 
connected capillary pores in the 0.6 w/c paste. They also 
concluded that additions of PFA or GGBFS resulted in 
reductions of the diffusion coefficient which were not 
linked to a change in pore structure and that the diffu- 
sion coefficient was independent of chloride concentra- 
tion. Research by Arya [2.26] suggested that GGBFS had a 
higher capacity for chemically binding chloride than an 
equivalent OPC concrete. 
Midgely and Illston [2.27] also investigated the diffu- 
sion of chloride ions into hardened cement pastes. They 
found that the chloride combined with the anhydrous 
tricalcium aluminate hydrate, in the cement paste as 
result of incomplete hydration of the cement, to form 
calcium mono-chloroaluminate hydrate. 
Diab et al [2.28] studied the diffusion of chlorides 
through cement pastes and pastes modified by the addition 
of polymers using a similar experimental arrangement to 
that of Page [2.25]. They reported that the addition of 
polymer reduced the diffusion of chlorides by an order of 
magnitude. This change was attributed to the chemical 
effects of the polymer on the diffusion process rather 
than a change in the pore structure. 
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Tuutti [2.9] examined the diffusion of chlorides into 
concretes. His experimental technique used pore solution 
expression. The work of Browne and Collepardi (2.23.2.24] 
relied on chemical analysis of crushed concrete. Midgely 
(2.27] demonstrated that some of the chloride in the con- 
crete is chemically bound and cannot therefore take part 
in corrosion reactions. The technique used by Page avoids 
this problem as only the chloride which penetrates the 
disk is measured. Tuutti found that the proportion of 
bound to free chloride was independent of the source 
(external or internal) but was related to the cation 
associated with the chloride. He also found that slag 
modified concretes had lower chloride diffusion than 
plain concretes, despite having a lower chloride binding 
capacity than expected (2.9]. This reduction in binding 
capacity is in direct contrast to that reported by Arya 
who suggested that GGBFS concretes had a higher chloride 
binding capacity than that of OPC concretes. 
It is accepted that chlorides in concrete can exist in a 
number of different forms. They may be chemically bound 
as Friedel's salt (a product of the reaction between 
chloride and the C3A forming calcium chloro aluminate, 
hydrate) (2.29). other workers have proposed that chlor- 
ides may be found adsorbed onto the surface of the hydra- 
tion products in the concrete (2.30]. Alternatively the 
chlorides can exist in the pore fluid of the concrete as 
'free' chloride ions. The total chloride ion content is 
the sum of these different states. 
Arya et al investigated the relationship between bound 
and free chloride (2.31] and showed that concrete has a 
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finite chloride binding capacity. Until that capacity is 
reached there is a constant ratio between the bound and 
free chloride in the concrete. 
Arya also assessed a number of different methods of test- 
ing for the free chloride content of a concrete sample. 
He concluded that the most practical method was to use a 
series of empirical data and the total chloride content 
to calculate the free chloride concentration 
Penetration of chloride into concrete has been observed 
at faster rates than expected from diffusion calcula- 
' 
tions. This is because of the absorption property of con- 
crete. When the surface of concrete is dried the 
capillaries are emptied of water, upon the subsequent 
wetting they absorb water due to capillary action. This 
can result in a quick increase in the water content of 
the concrete local to the surface and therefore an 
increase in the local chloride content. 
Grace conducted a series of experiments to differentiate 
between the diffusion and absorption mechanisms. He con- 
cluded that in conditions of wetting and drying such as 
might be experienced in a marine exposure, the process of 
water absorption is the primary chloride transport mech- 
anism in the early life of marine structures (2.32]. 
Grace developed this further in a later paper where he 
showed that there are three transport mechanisms for 
chlorides in concrete, absorption, diffusion and evapor- 
ation effects. He proposed that each of the mechanisms 
had an important influence on the ingress of chlorides at 
different ages of the concrete. Early age ingress was 
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dominated by absorption effects followed by evaporation 
effects with diffusion controlling the ingress of chlor- 
ide at depth in the long term (2.33]. 
This hypothesis lends some weight to the assertion by 
Browne that diffusion based penetration data can predict 
the penetration depth of chlorides alone. The older a 
structure is the more dominant the diffusion aspect of 
the chloride ingress becomes. 
Work by Page and Lambert (2.34] investigated the rela- 
tionship between chloride solution concentration, wet- 
ting/drying and chloride penetration. They found that 
there was a limit to the effect of increased chloride 
concentration on the rate of ingress and that a wet/dry 
cycle was more effective at promoting chloride ingress 
than constant exposure. 
American researchers have also developed a test method 
based on a cycle of chloride ponding and drying [2.35], 
referred to as 'The Southern Climate Test'. 
Threshold limits 
A number of researchers have identified threshold limits 
for chloride induced corrosion of steel in concrete. Dif- 
ferent methods have been used, Hausmann [2.36], used 
alkaline solutions, Tuutti used expressed pore solutions 
[2-9] while others assessed the risk by measuring the 
acid or water soluble chlorides from structures with 
known corrosion. Hausmann reported a critical chlori- 
de/hydroxyl ion ratio of 0.61, the work by Tuutti corrob- 
orated these results, he found a threshold ratio of 0.6. 
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Work by Page and Lambert disagreed with this ratio, they 
found that steel in concrete subjected to external 
sources of chloride could tolerate chloride/hydroxyl ion 
ratios of approximately 3 before significant corrosion 
took place, although in some cases ratios as high as 15 
to 20 were recorded with no associated corrosion [2.34]. 
Yonezawa et al reported chloride/hydroxyl ion ratios of 
10 and 30 at initiation of corrosion for steel in mortars 
with different chloride levels (2.30]. These results dem- 
onstrate the effect that changing the conditions at the 
steel/concrete interface can have on the corrosion 
performance of steel in concrete in the presence of 
chloride ions. 
A number of authors have reported 'critical' chloride 
levels, i. e. those associated with corrosion of rein- 
forcement, these are generally quoted as the total chlor- 
ide as a percentage of the cement content (%Cl-/weight of 
cement). Clear reported a threshold of 0.3% (2.38], Van 
Daveer reported 0.4% (2.39]. Cavalier and Vassie recorded 
values of 0.35% (2.40). 
Building Research Establishment published an information 
paper which gave guide-lines for the corrosion risk of 
chloride levels in existing structures (2.41]. They 
classified the corrosion risks as shown in Table 2.2. 
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Table 2.2 Corrosion risk vs chloride content 
Risk of cor- 
rosion 
Chloride content 
(%/weight of 
cement) 
Low < 0.4 
1 
Medium 0.4 to 1.0 
High 
_7 
> 1.0 
From the results given above it would appear that the 
0.4% level is a generally applicable threshold level. It 
should be noted that the actual critical chloride level 
depends on a number of factors and these must be 
considered when assessing the corrosion risks, namely: 
Cement type 
Cement content 
Cement replacement materials (PFA, GGBFS, microsilica) 
Temperature 
Chloride source 
Age of structure 
one of the factors given least consideration is that of 
temperature. Recent work by Benjamin and Sykes [2.42] has 
shown that as the temperature increases then the chloride 
concentration required to initiate corrosion for a given 
set of conditions decreases. The practical implication of 
this is that in hot areas, such as the Gulf region or the 
southern states of America, the threshold level of chlor- 
ide may be reduced compared to that in an equivalent 
structure in a temperate climate. 
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Another important parameter to consider is the environ- 
ment at the steel/concrete interface, as it is the condi- 
tions here that will control the corrosion reactions not 
the conditions in the bulk of the concrete. 
Half-cell Potentials 
As discussed above the potential of an electrode is deter- 
mined by the corrosion reactions taking place. These cannot 
be measured directly but can be measured relative to a 
standard reference electrode. Reference electrodes can be 
used to measure the potential of steel in concrete provided 
that there is good, ionic contact between the surface of the 
concrete and the electrode. 
The advantages of the technique are that it is quick and 
easy to do,, requiring little in the way of specialized 
equipment. It is also fairly easy to analyse the data, pro- 
vided that it is recorded in a suitable manner. In the lab- 
oratory, where measurements are made for a single electrode 
against time it is best suited to the identification of the 
initiation of corrosion. 
The disadvantages of the technique are; the potential will 
vary with temperature of the environment, unpublished work 
by the author shows that this variation is in the order of 
20mV for a SOOC change in temperature; the measurement can- 
not on its own be used to establish the corrosion rate of 
the steel being measured; if the data is interpreted 
simplistically it can lead to inaccurate conclusions; there 
are in-built errors in the absolute value of the potential 
measured which depend on factors such as the liquid junction 
potential and the resistivity of the concrete [2.43]. 
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Guidance on using the technique for the measurement of 
potentials of steel in concrete is given in an American 
standard [2.44). The standard describes the process of 
measuring the potentials and also gives guidance on the 
interpretation of the results. This guidance is based on the 
work of van Daveer (2.39] who carried out surveys on bridge 
decks in the northern states of America. He analysedthe 
potential measurements and correlated it with the incidence 
of corrosion to produce the risk categories shown in Table 
2.3. 
Table 2.3 Risk of Corrosion vs Half-cell Potential 
corrosion 
Risk 
- 
Potential 
(MV vs CU/CU- 
SOO 
5% > -200 
50% -200 to -350 
95% < -350 
There has been a general trend towards adoption of these 
criteria (referred to as thevan Daveer criteria) world-wide 
with no regard to the actual circumstances of the structure 
or environment being considered. 
The factor to be considered is what the potentials are being 
measured for. If the potentials are being measured as part 
of laboratory study on small specimens then the readings 
will be taken in one location at time intervals. In this way 
a picture of the corrosion state of the electrode in ques- 
tion can be built up with time and analysed to identify 
relevant events such as drying oi wetting periods. If 
however, the potentials are being measured to assess the 
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condition of a structure where the 'specimen' is large and 
will only be monitored at one point'in time then the poten- 
tials must be measured across the surface of the structure. 
This will enable a potential contour map. to be constructed, 
the grouping of the contours indicates. the regions of anodic 
and, cathodic activity. 
The shortfall of applying the criteria given above is illus- 
trated by Browne who reports measuring potentials of -100MV 
on a structure where corrosion was visible (2.45). Similarly 
it is common to find potentials of steel in submerged con- 
crete structures at -700 to -800 mV without corrosion 
occurring because of the'lack of oxygen to support the 
cathodic reaction. 
This discussion serves to illustrate the requirement for 
more than one monitoring technique for corrosion of steel in 
concrete. 
Corrosion Rate Techniques 
Technique's for measuring the corrosion rate of steel in con- 
crete can be split into two main types, destructive and 
non-destructive. 
The most common type of destructive test is weight loss. 
specimens are weighed at the start of the exposure period 
and then at intervals during the exposure period. For metals 
in solution this approach may be acceptable if the specimens 
can be removed, weighed and then replaced. For steel in con- 
crete it results in the requirement for a large number of 
specimens, every time a specimen is removed from the 
concrete that is the end of the exposure period for that 
specimen. Because a large number of specimens are required 
the approach is time consuming and insensitive. It can 
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identify trends but not the variation in corrosion rate with 
time, as the weight loss rate must be averaged over some 
assumed corrosion period. 
Because of the drawbacks noted above corrosion scientists 
started to investigate alternative techniques for measuring 
corrosion rate which did not involve physical measurement of 
weight change of a specimen but used the electrochemical 
aspects of the corrosion reactions. 
Skold and Larson, during their work on cast-iron specimens 
in water, revealed that a limited empirical quantitative 
,,, 
at relationship existed between the polarization slope AE 
low current densities and the corrosion rate measured by 
weight loss. They noted that this approach could be of use 
in evaluating the performance of inhibitors (2.46). 
Stern and Geary performed a theoretical analysis of the 
shape of the polarization curves of corroding metals. They 
concluded that a region of linear dependence of potential on 
applied current for a corroding electrode existed. They also 
derived an equation relating the slope of this linear range 
to the Tafel slopes and the corrosion rate. This equation is 
now referred to as the Stern and Geary equation: 
AE (PaxPc) 
2.31 c., (P. +P c) 
This can be simplified to: 
corr 
Ra*Pc 1 
2.3 (P. + p, ) R 
Where Rp is the polarization resistance, Ic is the cor- 
rosion current and P. and P, are the anodic and cathodic 
Tafel constants respectively [2.47]. 
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Stern extended the application of this approach to cover 
systems where concentratio; occurred . Evidence for the use 
of the technique was provided using titanium and stainless 
steel electrodes. He concluded that the technique was appli- 
cable for the determination of changes in corrosion rate 
with time including studies of underground structures and 
materials in aqueous solutions [2.48]. 
Stern provided further evidence of the suitability of the 
polarization resistance technique in his paper to the 62nd 
Annual meeting of ASTM in 1959 [2-49). He showed the robust- 
ness of the technique using data from a number of sources to 
show that the correlation between corrosion rate and the 
current required to, polarize by a, few millivolts extended 
over six orders of magnitude. He also showed that the cor- 
rosion rate of a system could be measured with an accuracy 
of a factor of 2 without any knowledge of the Tafel 
constants. 
A review of the polarisation resistance technique was pub- 
lished by Callow et al [2.50]. In a two part paper they 
reviewed published data and found a good correlation between 
Rp and gravimetric corrosion rates. The second part of the 
paper discussed the major sources of error and concluded 
that for steel in concrete the main factor was compensation 
for the I-R drop through the concrete. 
Several researchers have studied the relationship between 
resistivity of concrete and the corrosion rate (2.51-53]. Of 
these three studies the most successful in terms of quan- 
tifying the relationship was that by Naish et al. Even so, 
they concluded that to calculate the corrosion rate a finite 
element model had to be developed using a map of iso-poten- 
tials and iso-resistivities on the concrete surface. 
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By careful design of specimens it may be possible to measure 
corrosion currents directly by measuring the potential drop 
across a resistor or by connecting a zero-resistance ammeter 
across the two electrodes. This technique has been success- 
fully adopted by Schiessl (2.54] and Pfeiffer [2.55] 
although for different reasons. Direct measurement of 
corrosion currents in this way is especially useful, for 
larger specimens where the location of anodic and cathodic 
areas can be designed in. 
Having reviewed the published data on available corrosion 
rate and state techniques it, would seem sensible to adopt a 
monitoring programme involving, regular measurements of 
potential and polarization resistance. Using these non-des- 
tructive techniques will allow a greater number of para- 
meters to be assessed for the same number of specimens than 
would be possible with destructive gravimetric approach. The 
polarization resistance approach has the best documented 
record of success of the non-destructive corrosion rate 
techniques. 
2e, oA?,. - 
A review of the research on the corrosion protection of con- 
crete repair materials-at the start of this-project showed 
that published results were sparse. More information has 
come into the public domain during the course of the project 
and is included in the review below. 
At a recent international symposium on the corrosion of 
reinforcement in concrete there'was a session on remedial 
techniques, of the twelve papers presented in the session, 
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three were on coatings, five were on cathodic protection, 
one was a review paper, one was on crack injection and, two I 
were on the performance of concrete repair materials [2.561. 
Cavalier and Vassie described in some detail the repairs 
carried out to Haddiscoe Bridge and considered the future 
performance of the repairs. They noted that there was 
limited knowledge of the performance of repairs to rein- 
forced concrete and identified three areas of concern, - 
cracking at the edge of a repair area induced by the 
physical removal of old concrete, long term bonding between 
the old and new materials and differential corrosion cells 
between the new and old concretes [2.40]. 
Page and Treadaway recommended areas for future work in 
their review paper as follows; the diffusion of chloride 
through concrete (both in marine, concrete and where contact 
occurs between chloride contaminated and uncontaminated con- 
crete); the redistribution of anodic and cathodic sites in 
the concrete following repair; the electrochemical 
interaction between repair and substrate materials and its 
influence on corrosion at the interface (2.29]. 
Some work has been done on testing the physical properties 
of repair materials. One of the properties most commonly 
questioned is the bond strength between the repair and the 
substrate. There are British Standards for testing the bond 
strength of materials, -B. 
S. 6319 Pt 4 covers resin composi- 
tions (2.64] whilst,, B. S. 1881 covers cementitious materials 
(2.65]. Both standards use the 'slant shear test'. The 
usefulness of this approach has been, questioned by. some 
workers in that it does not represent the practical situ- 
ation and it is often quite difficult to produce samples 
consistently. An alternative method has been proposed by 
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RILEM in the form of a direct tension test (2.57]. It is 
acknowledged that it is difficult to formulate a test which 
models the multitude of load cases experienced by a repair 
patch. Therefore it seems reasonable to use a test method 
such as the one proposed by RILEM which can be carried out 
either in the laboratory or in the field with some degree of 
reproducibility. 
The physical performance of epoxy resin repairs was investi- 
gated by Collins and Roper. They showed that the bond 
strength performance of the repair was reduced as the degree 
of cracking in the area surrounding the repair increased 
C 2.58 ]. 
Nagataki et al carried out work on repaired concrete beams 
and found that the bond strength between repair materials 
and the substrate, concrete was dependent on surface texture 
and that resin based repair materials had poor performance 
when subjected to thermal cycling and/or freeze/thaw condi- 
tions (2.59]. 
There has been a considerable volume of work in the area of 
physical compatibility between the repair material and the 
substrate concrete. The most comprehensive study is that by 
Emberson and Mays who investigated a range of physical prop- 
erties and their influence on the structural performance of 
repaired reinforced concrete members (2.60). 
Coote et al undertook a study of repair systems by exposing 
a number of small repaired reinforced concrete prisms in a 
marine environment over periods extending up to six and a 
half years. They examined the prisms visually at approxi- 
mately yearly intervals and observed that those repair sys- 
tems based on OPC performed better than those based on resin 
formulations (2.61). It would appear from the literature 
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review that this study is the only documented work which 
compares the performance of repair materials. However, it 
does not provide data on the corrosion rates of the repaired 
systems, the range of repair systems is limited and the 
access to the exposure site limited the frequency of inspec- 
tion, resulting in large time intervals between inspections. 
This last point meant that the specimens were inspected at 
infrequent intervals with the time to corrosion being 
identified by cracks appearing at the surface. 
McCurrich et al assessed the ability of a range of repair 
systems to prevent further corrosion of the reinforcement 
[2.62]. They examined a range of materials which make up the 
components of a repair system. The results of their work 
should perhaps be treated with some caution, the authors 
were employees of a major repair materials supplier. This 
resulted in their work being directed at demonstrating that 
the materials manufactured by their employer were the best 
of those under test. 
The corrosion inhibition of polymer modified mortars was 
investigated by Ohama et al [2.63]. They-found that, in gen- 
eral, polymer modified mortars showed an increasing ability 
to inhibit corrosion of embedded steel with increasing 
polymer content. The exception to this observation was a. 
polymer which increased the air content of the mortar at 
polymer contents above 10% and thus reduced its corrosion 
inhibition. 
The review of the literature has shown that there is little 
if any published data on the corrosion performance of 
materials currently offered to the market as concrete repair 
materials. The aim of my study is to provide some informa- 
tion in this area by studying three aspects of a range of 
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commercially available repair materials and a number of 
designed repair concretes which meet the requirements of the 
Department of Transport standards (BD 27/86). The three 
aspects are: 
a) The corrosion protection offered by the repair material 
to embedded reinforcement against water borne chlorides. 
b) The corrosion protection offered by the repair material 
to embedded reinforcement against water borne chlorides 
when the material is a patch within a larger concrete 
sample. 
c) The physical properties of the material to assess what 
degree of, correlationif anyexists between physical 
properties and corrosion performance measured in (a) and 
(b) above. 
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The materials in the study have been split into their gen-, 
eric groups. A general description is given for each of the 
materials, together with additional information such as 
research into the durability related performance of the 
material, chemical make up and, where relevant, an indica- 
tion of its use in the concrete repair industry. 
This group of materials includes the 'good' and 'moderate' 
OPC concretes, the 110mm' OPC concrete and the sand/cement 
mortar. The chemistry of cement and concrete has been cov- 
ered in Chapter 2 and will not be repeated here. 
The 'good' and 'moderate' OPC concretes have been included 
in the study to represent a range of structural concretes. 
The 'moderate' concrete represents the bottom end of the 
range with a cement content marginally below and a water/ce- 
ment ratio slightly above the requirements of BS 8110. 
Depending on the specified depth of cover the 'good' 
concrete would, according to BS 8110, be suitable for use in 
any of the exposure conditions defined. In this study they 
will be used as comparators of performance in the single 
material specimen and physical property tests. In the com- 
posite specimen tests they will be used as the substrate 
concrete. It is also feasible that they may be used for 
repairs to reinforced concrete where large volumes of repair 
material are required and the geometry of the area to be 
repaired allows conventional concrete placement, compaction 
and curing. 
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The 10mm concrete and sand/cement mortar have been included 
in the study to represent the simplest form of concrete 
repair material. The mix proportions for these materials 
have not been designed to provide a given strength or, work- 
ability, they are based on proportions of constituents to 
represent a material which could be readily batched on-site 
by weight. I, 
The mix details of these four materials are given in Table 
3.1, the particle size distribution of the aggregates used 
is given in Figure 3.1 
Table 3.1 Mix details of the 'good', 'moderate', lomm and 
sand/cement materials (proirodlov%s 6y we-ltý-L) . 
Good 
Concrete 
Moderate 
Concrete 
10mm Agg 
Concrete 
Sand/Cement 
Mortar 
OPC 1.00 1.00 1.00 1.00 
Sand 2.17 3.24 2.15 2.50 
lomm aggregate 1.03 1.37 1.75 - 
20mm aggregate 2.02 2.75 - - 
Free water 0.46 0.60 0.45 0.42, 
Total OPC 
(kg/m3) 
360 265 440 570 
This group covers those materials where the primary bind- 
ing capacity is provided by the hydration of cement and a 
secondary contribution is made by the polymerisation of 
an emulsion containing a polymer. 
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Polymer dispersions are a stable suspension of solid, 
submicroscopic polymer particles in an aqueous medium. 
When the water is removed, by, drying for example, then 
the-polymer particles coalesce to form a continuous film. 
These dispersions are often a milky-white liquid and can 
have a solids content of between 40 and 70%. In concrete 
repair materials it is common to find that the dispersion 
is 50% solids, 50% liquid. These dispersions may also be 
referred to as lattices or latexes. 
Polymer dispersions have been used to improve the per- 
formance of OPC mortars for a number of years, with one 
reference quoting the use of natural rubber dispersions 
as long ago as the 1920's [3.1]. The use of natural 
rubbers restricted the use of latex modified mortars 
because of problems with compatibility with hydraulic 
cements, weathering and resistance to some solvents and 
oils. However, research during the second world war into 
the production of synthetic rubbers produced materials 
which could be formulated to minimise the drawbacks of 
natural rubbers. As a result, during the 1950's polyvinyl 
acetate (PVA) was in common use in the building industry 
as a bonding agent, its main drawback was that although 
it had excellent properties in dry conditions, its per- 
formance deteriorated rapidly as the moisture content 
increased. As a result it was not suitable for use 
outdoors. Other materials were subsequently developed 
which retained their performance in wet, alkaline condi- 
tions, notably, styrene butadiene rubbers (SBR) and sty- 
rene acrylics (SA). 
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3.3.3 Polymer dispersions and hydraulic cement 
Polymer dispersions may be used to replace some or all of 
the mix water in a mortar. As the amount of water in the 
mortar is reduced, by the hydration of the cement and 
evaporation, the polymer particles become physically 
closer. This action has been studied by Isenburg and Van- 
derhoff [3.2] who proposed that as the polymer particles 
coalesced they bonded both to each other and to the sides 
of the pore system within the mortar. As a result of this 
partial blocking of the pore system, polymer modified 
mortars have improved resistance to the ingress of water 
and water borne agents such as chloride ions. 
3.3.4 Materials used in the study. 
In this study two types of polymer modified mortar have 
been used, one is modified by a styrene butadiene rubber 
dispersion, the other by a styrene acrylic. These two 
materials were supplied through FeRFA as being represen- 
tative of their generic type, in addition, SBR's and 
acrylics are the most commonly used form of polymer 
dispersion in concrete repair materials. These types of 
repair materials are commonly used in small to medium 
size repairs, they may be applied in layers as thin as 
20mm but no greater than 50mm unless they are placed in 
formwo. rk. They are probably the most popular type of 
repair material. 
For commercial reasons the exact compositions of the dis- 
persions were not made available, however, the powder 
portion of the supplied material, i. e. the cement and 
aggregate, has been sieved to obtain a particle size dis- 
tribution, the results of which are shown in Figure 3.2. 
4 
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Polymer concrete is the term used to describe materials 
where the entire binding capacity is provided by the cur- 
ing of the polymer. The polymers used in these mortars or 
concretes are thermo-setting resins and are therefore 
significantly different to those used in the polymer 
modified mortars described above. The following sections 
will give a brief explanation of the chemistry of the 
thermo-setting resins used followed by a description of 
the materials used in this study and the reasons for 
their inclusion. 
3.4.2 Polymer Chemistry 
Resin is often the term used to describe thermo-setting 
polymers because of the physical similarities between the 
component parts of the polymer and naturally occurring 
resins, they are both sticky and viscous. 
The process by which resins cure and change from a liquid 
to a solid form is described by Shaw [3.3] and Hurley 
[3.1). Essentially, curing is effected by the reaction of 
functional groups either with other groups in the polymer 
chain or with another reactive material added to the 
resin, such as a curing agent. Epoxy resins fall into the 
latter category and require an external curing agent 
while polyester resins fall into the former category. 
Figure 3.3 shows a schematic arrangement of cross-linking 
between resin chains and curing agents. 
In both cases the reaction results in the formation of 
covalent bonds between the groups, although the rate of 
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reaction may be retarded or accelerated it is irrevers- 
ible. The temperature during reaction will affect the 
rate of curing and higher temperatures result in a 
greater degree of cross-linking. Additionally, the reac- 
tion itself is exothermic and will tend to increase the 
temperature of the material during cure. As the volume of 
resin increases then the effect of this exothermic reac- 
tion can become significant. 
Epoxy resins were developed during the 1930's and came 
into commercial use during the 1950's. Epoxies are based 
on a two pack system of resin base and curing agent, the 
resin base is usually synthesized from bisphenol-A and 
epichlorohydrin while the curing agent is usually based 
on amines (aliphatic, cyclo-aliphatic or aromatic). The 
curing reaction between the two components does not gen- 
erate any volatile materials thus avoiding the formation 
of voids in the solid material. 
Because the curing agent is consumed by the curing reac- 
tion it is important that the correct resin/curing agent 
ratio is obtained. This ratio will determine both the 
degree of cross-linking developed and the amount of unre- 
acted material and thus has an important influence on the 
properties and performance of the reacted resin. This is 
the reason why epoxy resins formulated for use in the 
construction industry are supplied with the correct pro- 
portions of resin and curing'agent in separate con- 
tainers, part batching should be avoided. 
In their simplest forms epoxy resins may be used neat for 
crack injection or as an adhesive between hardened and 
fresh concrete. However, because of the high cost of the 
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resin they are often filled with inert aggregate, this 
increases the volume of the solid without a pro-rata 
increase in the cost. Commonly, ratios greater than 3: 1 
(filler: resin) by weight are achieved. Filling the resin 
also has the benefit of reducing problems caused by the 
exothermic reaction, if the volume of resin is too high 
then the exothermic heat can generate stresses which will 
cause the resin to be permanently deformed. As the pro- 
portion of filler is increased it will tend to reduce the 
coefficient of thermal expansion of the material. This is 
important in ensuring good compatibility between concrete 
substrates and resin based repair materials. 
In this study two epoxy resins have been used, one is 
termed a 'lightweight' epoxy resin mortar because the 
filler has a low density, thus making it suitable for 
vertical and overhead applications, the second is termed 
a 'normal' epoxy resin, where the filler is a carefully 
graded sand. These materials have been included in the 
programme because historically they have been a popular 
material for small volume concrete repairs, mainly 
because of their rapid strength gain and adhesive prop- 
erties. 
This type of resin differs from the epoxy resins because 
its cross-linking reaction is achieved by a chain reac- 
tion between unsaturated or double carbon bonds, 
initiated by free radicals. This type of cross-linking 
reaction is typical of a wide range of thermo-setting 
resins including unsaturated polyesters, acrylates and 
vinyl esters. 
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Methylmethacrylate resins are based on methacrylic acid, 
the cross-linking is promoted by the addition of initi- 
ators and accelerators (commonly a mixture of organic 
peroxides which decompose to give the free radicals and 
metal salts). As with the epoxies, the curing reaction 
does not evolve volatile materials and a void free solid 
is obtained. The curing reaction is exothermic but in the 
case of the methacrylates the maximum heat output is gen- 
erated after the resin has set. This may result in ther- 
mal expansion and subsequent contraction with the build 
up of stresses at the interface between the resin and the 
substrate concrete. Therefore methacrylates are usually 
used in small volumes or with high filler ratios. In this 
study the repair material was supplied in two parts, the 
resin base and the powder proportion (which also con- 
tained the initiator/accelerator). Because of the limits 
of thickness specified by the manufacturer additional 
aggregate was added to the powder proportion, this aggre- 
gate was a single sized 6mm Thames Valley aggregate 
supplied by Redland Ltd, 15kg was added to each bag of 
15kg of supplied filler*' 
The powder proportions of each of the three resin based 
mortars was sieved to determine the particle size dis- 
tribution, the results are shown in Figure 3.4. 
In addition to the materials described above there are a 
number of repair materials available which are cement based 
but also contain admixtures to enhance their performance. 
These materials are supplied pre-packed, requiring only the 
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addition of water. Because they do not require polymer addi- 
tions they are usually the cheapest form of pre-batched 
repair material. 
Two such materials have been included in this study, a com- 
prehensive comparison would have required resources beyond 
those available. The objective is to assess the comparative 
performance of these cheaper types of material against the 
more expensive polymer modified mortars and polymer mortars. 
Figure 3.5 shows the particle size distribution for the pow- 
der proportion of the supplied materials. 
3.5.1 Silicate Modified Mortar 
The addition of silicate to cementitious mortar is 
intended to improve the resistance of the mortar to the 
ingress of aggressive water borne species such as chlor- 
ide ions. The improvement in performance is attributed to 
the development of silicate crystals in the pore 
structure of the mortar, this results in a more tortuous 
path for the chloride ions thus improving performance. In 
all other respects the performance of the mortar is simi- 
lar to that of a cementitious material. 
3.5.2 'Flowing' Mortar 
This mortar has been designed to have a high workability, 
allowing easy placement around confined reinforcement and 
in thin sections. The improvements in workability are due 
to careful selection and grading of aggregates and the 
incorporation of a plasticising admixture within the 
material. In all other respects the performance of the 
mortar is similar to that of a cementitious material. 
60 
Three mixes using cement replacement materials have been 
included in this study. Their inclusion was primarily 
influenced by the publication of a specification for the 
repair of reinforced concrete bridges by the UK Department 
of Transport [3.45]. The specification was based on the 
results of research and development work carried out on the 
Midland Links motorway network in Birmingham. The high vol- 
umes of repair concrete required (and the associated cost) 
together with the highly congested reinforcement in the 
bridges promoted the development of flowable concretes. An 
additional requirement for the repair concrete was that the 
total soluble alkali content should not constitute any risk 
of alkali-silica reaction. 
Table 3.2 Mix details of the cement replacement mixes used 
in the programme. 
PFA/OPC 
Concrete 
CFS/OPC 
Concrete 
GGBFS/OPC 
Concrete 
OPC 0.70 1.00 0.35 
Blended material 0.30 0.10 0.65 
Sand 1.50 1.36 1.55 
10MM aggregate 2.85 2.93 2.85 
20mm aggregate - - - 
Free water 0.40 0.40 0.40 
Superplasticiser 0.013 0.01 0.013 
Total OPC (kg/m3) , 400 400 400 
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Three mixes were designed to meet the requirements of the 
DTp (Department of Transport) specification using either PFA 
(Pulverised Fuel Ash), CSF (Condensed Silica Fume) or GGBFS 
(Ground Granulated Blast Furnace Slag). A wealth of research 
has been published on the performance of concretes which 
incorporate these materials, a short review is given below. 
Table 3.2 gives the details of each of the mixes. 
3.6.1 pulverized Fuel Ash (PPAI 
PFA is a waste product of the coal fired electricity gen- 
erating process where finely ground coal is injected into 
furnaces and burnt at temperatures around 1500 OC. On 
cooling, the waste matter in the coal forms fine spheri- 
cal particles which are carried out by the flue gases and 
collected electro-statically on the walls of the flue 
chimneys. 
The use of this waste product as a pozzolana was first 
extensively researched in 1937 by Davis et al [3.4). This 
work provided the basis of many of the standards on PFA 
use. However, it was not until energy costs escalated in 
the 1970's, combined with increasing quality of PFA that 
interest in the use f PFA in concrete grew. Table 3.3 40"x3ck I YSeA 
shows average valuesAfor PFA's produced in the UK. 
PFA consists mainly of hollow, glassy, spherical par- 
ticles. The fineness of the material is usually classi- 
fied as the percentage retained on a 45pm sieve, the less 
material retained the better its properties. It has a 
relative density of between 1.9 and 2.4, approximately 
two thirds that of cement, its bulk density is around 800 
kg/m3 and its colour ranges from creamy to dark grey 
depending on the carbon and iron content. 
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oxides Mean (wt Range (wt 
Si02 48.7 41.7 - 52.7 
A1203 27.8 20.3 - 35.7 
Fe203 9.2 5.4 12.5 
CaO 3.0 1.1 7.8 
mgo 1.9 1.5 2.4 
S03 0.9 0.1 1.2 
Na20 1.3 0.1 - 6.3 
K20 2.4 1.1 - 3.1 
T102 1.1 0.1 - 1.5 
P205 0.3 0.1 - 0.7 
Table 3.3 Average values for oxide analysis for PFA's 
produced in the UK. 
Addition of PFA to concrete has several physical 
influences, it disperses flocculating cement grains, it 
increases particulate packing (the PFA particles spheri- 
cal shape act like ball bearings) and water is entrained 
on the surface of the particles. The sum of these 
influences is to reduce the water demand, bleeding and 
segregation of the mix, improve workability, homogeneity 
and finish therefore producing a denser matrix in the 
hardened state. 
PFA can be added to a mix in one of two ways: 
i) Replacement of cement, mass for mass. 
ii) Design of a mix to achieve specific properties. 
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In both cases trial mixes will be required to determine 
the final properties of the mix. Munday (3.5] reviewed 
several mix design methods and from this work developed a 
mix design technique which has been shown to work well. 
Research into the strength development of concretes with 
PFA up to 28 days is much the same as OPC concrete when 
designed to the same specification [3.6,3.7]. The simi- 
larity ends after 28 days, the OPC/PFA concrete carries 
on gaining strength at about the same rate while the OPC 
concrete drops away. This is usually attributed to the 
initially slow pozzolanic reaction of PFA with the 
Ca(OH)2 produced by the hydrating cement. 
Modulus of elasticity of PFA concretes has been shown to 
vary with compressive strength in much the same way as 
OPC concretes [3.8]. creep is commonly reported as lower 
in concretes with PFA [3.9-10]. 
PFA is reported to decrease the drying shrinkage of con- 
crete [3.11]. and although not fully understood, this is 
commonly attributed to the finer paste structure thus 
restricting the movement of pore water. 
Permeability of OPC/PFA and OPC concretes has been shown 
to be similar [3.12] for concretes designed to the same 
specification up to 28 days of age. After this age the 
permeability of PFA concretes is lower than that of OPC 
concretes. This is reasonably attributed to the pozzo- 
lanic reaction depositing gel products and thus reducing 
pore sizes. 
PFA also increases the resistance of concrete to sulphate 
attack in two ways. It reduces the amount of C3A avail- 
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able by replacing part of the cement and also reduces the 
permeability of the matrix, thus resisting the access of 
the aggressive solution. 
Stuart et al [3.13) studied the effect of'two super- 
plasticiser additions on the compressive strength and 
modulus of mortars containing PFA. He found that the 
effectiveness of superplasticisers for increasing 
strength decreased with increasing PFA addition. 
Diamond [3.14) investigated the effect of two different 
PFA's on the alkali content of expressed pore solution. 
He found that neither PFA contributed to the alkali con- 
tent despite having substantial Na20 contents, indeed, 
one of the PFA's extracted a small amount of alkali from 
the pore solution. It is generally accepted that the 
alkalis present in PFA do not contribute to the free 
alkali available for alkali-silica-reaction [3.15]. How- 
ever, it should be noted that a replacement level of PFA 
for OPC of at least 25% is required for benefits to be 
realized. 
Results from work on the carbonation of PFA concretes 
(3.16-18] have varied, opinion generally is that PFA con- 
cretes designed to the same specification as OPC con- 
cretes will have similar carbonation performance. 
Microsilica, also known as condensed silica fume (CSF) is 
a by-product of the ferro-silicon alloys and silicon 
metal industries. It contains approximately 85% S102 in 
amorphous form as fine spheroidal particles with an aver- 
age diameter of 0. lpm. Although its first recorded use as 
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a pozzolan was recorded in the 1950's [3.19), the 
interest in its use grew from the energy crisis of the 
mid 1970's. 
The chemical composition of silica fume depends, like 
slag, on the process of which it is a by-product. The 
silica fume used in this study was supplied by Elkem and 
is a by-product of the silicon metal industry in Norway. 
The particle size of silica fume can be assessed by the 
usual Blaine air permeability method. 
Because csf has a high percentage of amorphous silica 
with a large surface area it contributes to the strength 
development of concrete much earlier than GGBFS and PFA. 
Many researchers [3.20-22] have shown that pozzolan- 
cement pastes contain finer pores than plain OPC cement 
pastes. 
Csf particles act as stabilizers restricting the flow of 
bleed water between cement grains, therefore restricting 
bleed and segregation. Cohesiveness of mixes with csf is 
improved because of an increase in the number of contact 
points between solids. It is usually necessary to 
increase water addition with increasing additions of csf 
to maintain slump [3.23]. However, curing requirements 
are more stringent with csf concretes because of the 
reduced bleed and segregation. Pistilli [3.24] found 
little or no change in the drying shrinkage of csf con- 
cretes compared to plain OPC concretes. 
Improvements in compressive strength are noticed earljer 
in csf concretes than with other cement replacement 
materials. The compressive strengths at 1-3 days are 
unaffected but significant increases are recorded for 
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3-28 days [3.25]. Although it is reported that csf bene- 
fits are more noticeable with leaner concretes (3.24] csf 
is more commonly used for high strength concrete mixes 
(3.26,27]. 
Csf additions have demonstrated reductions in the permea- 
bility of concrete, Hustad and Loland C3.28] found that 
concrete without csf and an OPC content of 250 kg/M3 had 
a permeability coefficient of 615 x 10-45 m/sec, with an 
addition of csf to the concrete the coefficient dropped 
to 17.5 x 10-15 m/sec. Csf has also been attributed with 
reducing the expansion from ASR reactions [3.29). 
Csf contributes to the protection of reinforcement by 
increasing the resistivity of the concrete (3.30), 10% 
addition of csf to a concrete with 400 kg/M3 increases 
the resistivity by 550%. This increase is attributed to 
the refined pore structure of the paste matrix. 
However, doubts have been cast on the ability of csf 
hydration products to bind chlorides (3.31,32). These 
doubts must be considered in the knowledge that csf is 
usually added to concretes with a high cement content to 
increase strength. 
Slag is a by-product of iron production. Historically, 
manufacturers of steel have left the sl 
' 
ag in a crystal- 
line form similar to basalt in mechanical properties. 
More recently steel mills have been quenching the slag, 
forming glassy pellets. When the slag is in this form it 
has latent hydraulic properties. 
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In the presence of water slags will hydrate, dissolving 
partially and precipitate C-S-H, hydrated aluminates or 
silico-aluminates. The rate of hydration of slags with 
water is slower than that of OPC's. Chemical activators 
can increase the degree of hydration with time. However 
it is more common to find slags blended with OPC rather 
than used alone. B. S. 146 and B. S. 4246 [3.33,34) give 
different types and classes of slag/OPC cements. One of 
the major attractions of blended cements is the reduction 
in cost. One tonne of OPC needs 1.5 tonnes of raw 
materials and 3.5 kJoules of energy, 1 tonne of 
blast-furnace cement containing 65% slag with a moisture 
content of 15% needs only 0.5 tonnes of raw material and 
1.7kJoules of energy. 
Blending slag with cement provides two activators for the 
slag, i. e. gypsum and the portlandite liberated by the 
hydration of C3S and C2S. The portland cement usually 
hydrates more rapidly than the slag but both hydration 
processes are in progress within 10 hours of mixing. 
Replacement of cement by GGBFS has little effect on work- 
ability [3.35-37) but it tends to increase the setting 
time because of a slower rate of reaction between water 
and slag compared to that between OPC and water. Bamforth 
[3.44) found that for concretes with 25 and 50% slag con- 
tents the setting time was affected at 50C but was unaf- 
fected at 15 and 250C. 
Cesarini and Frigoni [3.38) investigated the effect of 
slag replacement on bleeding and concluded that for the 
slags tested both the rate of bleed and the amount of 
total bleed increased with increasing slag content. 
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Strength development of slag cements is slower because of 
the slower rate of hydration mentioned earlier. However 
it is also influenced by the chemical composition of slag 
and OPC, percentage of slag replacement, temperature and 
humidity. 
Rapid initial hydration of portland cement has been shown 
to form a more open pore structure [3.39]. Therefore 
replacement of cement by slag, slowing down the rate of 
hydration, will have a beneficial effect on the durabil- 
ity performance of the concrete. 
Ambient humidity affects strength development of slag 
concretes. Because they hydrate more slowly they are more 
likely to dry out at early ages. Many workers have 
reported results which confirm this problem [3.40,41). 
The drying out of slag concretes obviously has a bearing 
on curing requirements, B. S. 8110 (3.42] specifies longer 
curing periods for GGBFS concretes in ambient conditions 
where the relative humidity is less than 80%. 
Wainwright and Tolloczko (3.43] reported a tensile 
strength for slag concretes approximately 20% greater 
than for a corresponding OPC concrete. The difference is 
thought to be attributable to the differences in hydra- 
tion structure. 
opinion is divided over the effect that GGBFS has on the 
elastic modulus of concrete. Bamforth (3.44] showed that 
for a given compressive strength and using 75% slag the 
concrete has a modulus between 3 and 6 kN/mm2 higher than 
the reference concrete. Wainwright and Tolloczko tested 
concretes with varying slag contents and found little if 
any difference in modulus. 
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The influence of GGBFS on drying shrinkage is small. com- 
parison of results from different studies may be mislead- 
ing because of the different test methods used by 
different researchers. Replacement of cement with GGBFS 
has little effect on thermal expansion as this is mainly 
influenced by the type of coarse aggregate in the con- 
crete. Bamforth found a reduction of 3% with a slag con- 
tent of 75% [3-44]. 
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4.1 Introduction 
The purpose of this study is to evaluate the performance of 
a range of concrete repair materials in their ability to 
protect embedded steel against chloride induced corrosion. 
To allow comparison of physical properties with durability 
performance a series of physical property tests_,, w,, e-rA cýrried 
out on each of the materials. The results from these tests 
would indicate which, if any, of the physical properties had 
an important influence on the durability performance. 
4.2 Phy roRerty Tests 
All of the materials were tested for the same physical prop- 
erties: 
compressive strength. 
(ii) Compressive modulus. 
(iii) Tensile strength. 
Coefficient of thermal expansion. 
Drying shrinkage. 
Capillary absorption. 
Adhesion bond strength. 
A summary of the tests and test methods is given in-table 
4.1. more detail is given in the following sections. 
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N 
IPROPERTY RESINOUS CEMENTITIOUS 
Comp. 
strength 
Comp. 
modulus 
Test to B. S. 6319 
pt 7,40mm cubes, 
cured in air at 
200C until test. 
Test to B. S. 6319 
pt 6,, 40x4Oxl6Omm 
prisms. Air cured 
until test at 28 
days. 
Test to B. S. 1881 
pt 116,100mm cubes 
for concretes (max 
agg size > lomm). 
B. S. 4551,70mm 
cubes for mortars. 
Cured at 95% RHI 
200C until test., 
Test to B. S. 1881 
pt 121,50x5Oxl5Omm 
prisms for mortars, 
150x15Ox3OOmm 
prisms for con- 
cretes. Cured at 
95% RHp 200C, until 
test at 28 days. 
Tensile 15xl5x220mm 25x4Ox3OOmm waisted 
strength waisted prism. Air prisms for mortars, 
cured until test 80X10OX500mm 
at 28 days. waisted prisms for 
concretes. Cured at 
95% RH, 200C, until 
test at 28 days. 
(Table 4.1 continued over ) 
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Coeff. of ASTM C531 ASTM C531 
thermal 25x25x250 prisms. 25x25x250mm prisms 
expansion Air cured until for mortars, 
test at 28 days. 50x5Oxl5Omm prisms 
for concretes. 
Cured at 95% RHI 
200C until test at 
28 days. 
Drying ASTM C596. Speci- ASTM C596. Speci- 
shrinkage mens as for ther- mens as for thermal 
mal expansion. 0 expansion. 
Capillary 25x4Ox4Omm slice 25mm slice from 
absorption from a cube, which either a loomm 
had been air cured or70mm cube, which 
for 28 days. had been cured at 
95% RHI 200C for 28 
I 
days. 
Adhesion RILEM 52-RAC, 50mm RILEM 52-RACI 50mm 
bond thick layer cast thick layer cast 
strength onto 50mm thick onto 50mm thick 
good quality con- good quality con- 
crete substrate. crete substrate. 
Table 4.1 Summary of the physical property tests. 
4.2.1 COMRXOSSiVe Str=gth 
I 
The compressive strength of the concretes was tested 
using loomm cubes, cementitious mortars using 70mm cubes 
and 40mm cubes for the resin based mortars. The cementi- 
tious cubes were tested at 3,14,28 and 56 days, the 
resin based cubes were tested at 1,31 7 and 28 days. 
, fl 
ý 10 
I W, 
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Three cubes were tested at each age and the average 
result recorded. All compressive testing was carried outý 
using a Denison compression testing machine. The relevant 
British Standards were followed, B. S. 1881 pt 116 [4.1] 
for the loomm cubes, B. S. 4551 (4.2] for the 70mm cubes 
and B. S. 6319 pt 7 [4.3] for the 40mm. cubes. 
4.2.2 compressive Modulus 
The compressive modulus was measured using prisms 
150x15Ox3OOmm for the concretes, 40x4Oxl6Omm for the 
cementitious and resin based mortars. Three specimens 
were tested for each material at 28 days and the average 
result recorded. The relevant British Standards were fol- 
lowed, B. S. 1881 pt 121 [4.4] for the concretes and 
cementitious mortars, B. S. 6319 pt 6 (4.5] for the resin 
based mortars., 
4.2.3 Tensile Strength 
The tensile strength was measured using waisted prisms. 
For the concretes the prisms were 80xlOOx5OOmm, for the 
cementitious mortars the prisms were 25x4Ox3OOmm and for 
the resin based mortars the prisms were 15xl5x220mm. The 
applied load was measured using a 1OkN tensile load cell 
and the load versus time was plotted on an x-y chart 
recorder. Figure 4.1 shows one of the specimens in the 
test rig. 
4.2.4 Coefficient of ThMrmal EZRannion 
The coefficient of thermal expansion was measured using a 
method similar to that described in ASTM C531 C4.6] using 
prisms 25x25x250mm. The change of length of the prisms 
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Im 
was measured using Demec pips applied over a 200mm gauge 
length to the two opposite, cast faces of each prism. The 
length of the prisms was measured at 220C and 60OC- 
The drying shrinkage of the materials was measured using 
prisms 25x25x250mm and a method similar to that described 
in ASTM C596 (4.7]. The prisms were cast and wet cured 
(with the exception of the resin based systems which were 
cured in air) until three days old. Demec pips were fixed 
along a 200mm gauge length on each longitudinal face and 
the prisms stored in a controlled environment of 55% RH 
and 20oC. The change in length of the prisms was then 
monitored until the prisms were 28 days old. The prisms 
were subsequently used to measure the coefficient of 
thermal expansion. By using the specimens in this way it 
was assumed that any further drying shrinkage which may 
take place during the heating cycle of the thermal expan- 
sion measurements would be minimised. 
Capillary absorption of the materials was measured by 
cutting slices from cubes, the slices were then supported 
on a saturated sponge and their weight gain monitored 
with time. The experimental arrangement is shown in Fig- 
ure 4.2. The slices were conditioned to a constant weight 
before the test by storing them in an environment of 55% 
RH and 20OCt they were weighed before being placed on the 
sponge and weighed again after 5 minutes, 15 minutes, 30 
minutes, 1 hour, 2 hours, 4 hours and 8 hours. After 8 
hours the slices were immersed and their weight was moni- 
tored over a further period of thirteen days. 
85 
The adhesion bond strength was measured following the 
recommendations of RILEM committee 52-RAC (4.8). A slab 
of 'good' quality substrate concrete (200x4OOx5omm deep) 
was cast for each of the materials under test. The sub- 
strate concrete was wet cured until 28 days old, the sur- 
face was then prepared using a high pressure water jet 
as described in chapter S. The material to be tested was 
then cast onto the prepared surface following the pro- 
cedures described in chapter 8 for the half and half type 
specimens. When the repair material was 28 days old a 
50mm diameter wet coring bit was used to cut through the 
repair material and at least 10mm into the concrete sub- 
strate. This was done at four locations in each of the 
slabs. Steel dollies were then fixed to the surface of 
the cored areas using a high strength epoxy adhesive 
(such as Araldite) and left to cure for 24 hours. The 
dollies were then attached to a tensile loading rig 
linked to an RDP strain box, Figure 4.3. Load was applied 
to the steel dolly at a rate of O. 1N/Mm2/second until 
fracture occurred. The maximum load and the failure type 
were both recorded. 
Table 4.2 summarises the results of all the materials under 
test. 
The results from the physical property testing are presented 
as individual material properties. These results are then 
discussed in relation both to the selection of repair 
materials, other published data on repair material prop- 
erties and the corrosion protection performance of the 
materials. 
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Figure 4.4 shows the development of compressive strength 
of the repair materials with time. The results show that 
all of the materials tested had a compressive strength 
greater than that of the moderate quality concrete. 
Therefore, all the materials could replace the moderate 
quality concrete as a structural repair in respect of its 
ability to carry compressive load. Four materials, the 
flowing concrete, normal epoxy mortar, sand/cement mortar 
and the microsilica. concrete had compressive strengths 
greater than the good quality concrete. 
Examination of the rate of strength development data 
shows that two materials, the flowing concrete and the 
normal epoxy mortar, had a rate of strength development 
much higher than the other materials in the study. Also 
of interest was the slow rate of strength gain shown by 
the ggbfs and pfa concretes. This slower development is 
expected because of the pozzolanic nature of the hydra- 
tion process of the ggbfs and pfa. By contrast the micro- 
silica concrete, the third of the cement replacement 
materials, showed a rapid strength reflecting its higher 
OPC content. The rate of strength development is often an 
important factor in the selection of repair materials 
where the structure being repaired must be returned to 
service as soon as possible, e-g-motorway bridges and 
railway bridges are subject to possession notices, a mar- 
ine structure may be constrained by tidal conditions. 
The results in Table 4.2 show that the 10mm, ggbfs, pfa, 
microsilica and flowing concretes all had a modulus simi- 
lar (i. e. within 10%) to that of the good quality can- 
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crete. The sand/cement mortar, silicate mortar and SBR 
mortar had a modulus similar to that of the moderate 
quality concrete. The acrylic and epoxy mortars had modu- 
lii approximately two thirds that of the moderate quality 
concrete. If the repair is expected to carry load then it 
is necessary to consider the modulus. A material with a 
higher mokulus than the substrate concrete will tend to 
attract load into the repair patch, conversely'a material 
with a low modulus will shed load into the surrounding 
concrete. Either of these two effects will cause concen- 
tration of stress around the perimeter of the repair and 
thus lead to a higher requirement from the adhesion bond 
strength. 
All of the materials except for the 10mm and microsilica 
concrete had tensile strengths greater than those of the 
control concrete mixes. The tensile strength of the 
material is important as it can have a balancing effect 
on the drying shrinkage. A material with a high tensile 
strength will tolerate more drying shrinkage than a low 
tensile strength material before it develops shrinkage 
cracks. 
The microsilica, ggbfs, pfa and 10mm concretes, together 
and with the acrylicAsbr mortars had a coefficient of thermal 
expansion similar to that of the parent concretes. The 
two resin based materials had coefficients which were 
higher by a factor of two, the flowing concrete had a 
coefficient 35% higher than the parent concretes. The 
sand/cement and silicate mortars had a coefficient sig- 
nificantly lower than the parent concretes. A mismatch in 
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thermal properties between repair and substrate could 
lead to the development of substantial stresses. Concrete 
surfaces can reach temperatures higher and lower than 
ambient due to the heat capacity of the concrete. During 
the colder months of the year it is possible to generate 
stresses due to thermal movements which are greater than 
the adhesion bond strength of the materials. 
The two lowest shrinkages were recorded by the resin 
based mortars. This is due to the absence of water in 
their matrix. The next two lowest values were recorded by 
the two parent concretes, the major factor was thought to 
be the 20mm aggregate used in these mixes. The effect of 
aggregate proportion and size was reinforced by the per- 
formance of the sand/cement mortar in this test which 
recorded a drying shrinkage over 28 days of over 1200 
microstrain. 
Attempts were made to measure the early-age shrinkage of 
the materials using an arrangement described by a now 
withdrawn ASTM. The test method was difficult to estab- 
lish and the results were unreliable. Other researchers 
[4.9,4.10] have successfully measured the early age 
shrinkage of repair materials using a technique devised 
by Staynes C4.14). 
The results of the capillary absorption after 8 hours 
were given in table 4.21 Figures 4.5(a)-(f) show the rate 
of weight increase with time. These results show that the 
polymer modified and epoxy mortars had a much lower rate 
and degree of absorption than the concretes in the pro- 
gramme. 
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The capillary absorption of a material has an important 
influence on the early chloride ingress and thereforeýon 
its corrosion protection performance. If a material 
absorbs a large amount of chloride contaminated water, 
each time it is wetted, a high surface concentration will 
quickly build up. It is this surface concentration which, 
drives the rate of chloride diffusion, -the steeper the 
concentration gradient the faster the diffusion rate. It 
has been proposed that the ingress of chloride into 
cementitious materials, is controlled by three mechanisms, 
capillary absorption, diffusion and moisture drying 
fronts [4.15]. 
on this basis, it would seem logical to select a repair 
material with a low capillary absorption value. The flaw 
in this simplistic approach is shown by the results from 
both the single"'and composite specimen tests. The cor- 
rosion protection performance of the materials in these 
tests did not reflect the capillary absorption results. 
This demonstrates the importance of the other two factorsin 
the chloride ingress equationj diffusion and moisture 
fronts. A good example of this is the ggbfs concrete, in 
the capillary absorption work the ggbfs concrete had the 
second highest result and therefore may have been 
expected to be a poor performer in the corrosion studies. 
In the single material specimens the ggbfs ranked seventh 
out of fourteen materials, in the composite specimen 
studies it was the second best performer. 
The adhesion bond strength results were recorded as the 
failure stress and the mode of failure. Both factors are 
required to assess the performance of repair material. 
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This is because in service the repair material should act 
as an integral part of the concrete element, it should 
not provide a path of weakness. Therefore, a good 
material should have a failure stress similar to the con- 
crete substrate to which it has been applied and the 
fracture should take place away from the bond between the 
repair material and the concrete substrate. All of the 
materials tested in this study failed cohesively, that is 
the failure plane was not coincident with the bond inter- 
face between the repair material and the concrete sub- 
strate. 
It is important that the mode of failure is recorded as 
this gives a very good indication of the bond developed 
between the materials irrespective of the magnitude of 
the failure stress. This requirement becomes even more. 
necessary when attempting to compare results from differ- 
ent studies, there are a large number of test techniques 
for determining the adhesion bond strength of repair 
materials [4.16). Each of these different techniques may 
produce different magnitudes for the failure stress. In 
addition, the results from this study showed a large 
range, even within a material. This was attributed to the 
different ratios of aggregate and paste available for 
bond at the interface between the materials. 
The aim of this section of the study was to measure some of 
the physical properties of the materials in order to estab- 
lish their similarity to the parent concretes. Because of 
restraints on time, funding and experimental facilities it 
was not possible to conduct an exhaustive series of tests on 
the materials. The tests were limited to those which were 
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considered to be the most useful and readily measurable. - 
Nevertheless, the results from this section of the study 
provided some useful information. This is summarised below. 
- All of the materials tested had a compressive strength 
at 28 days greater than that of the moderate quality con- 
crete. 
- The compressive modulii of the materials were generally 
similar to those of the two control concretes, with the 
exception of the lightweight epoxy resin mortar and the 
acrylic modified mortar. 
- All of the materials had tensile strengths greater than 
those of the control concretes. 
- The coefficients of thermal expansion were generally 
similar to those of the control concretes with the excep- 
tion of the'epoxy based mortars, the flowing concrete and 
the silicate modified mortar. 
- All of the materials, with the exception of the epoxies, 
had drying shrinkages greater than the control concretes. 
- Generally, the repair materials had capillary absorption 
values after 8 hours lower than the moderate quality con- 
crete. The exceptions were the ggbfs concrete and the 
silicate modified mortar. 
- All the adhesion bond strengths measured were lower than 
the value recorded for the tensile strength of the good 
quality concrete substrate. It should be noted that there 
was a correlation between failure mode and bond strength, 
such that the higher bond strengths were recorded when 
the failure was observed to be in the substrate concrete. 
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In an attempt to assess the contribution of the above prop- 
erties to the corrosion protection of the materials the 
results ranking for each of the properties has been compared 
to the ranking of performance from both the single material 
and composite material specimens. ' 
The degree of correlation between the sets of data was gen- 
erally very low, in only one case was there anything resem- 
bling a relationship between a measured physical property 
and the performance of the material in preventing chloride 
induced corrosion of reinforcement. Figure 4.6 shows the 
ranking of the composite specimens time to corrosion and the 
ranking of adhesion bond strength. This correlation is not 
perfect but it does show the same general order of perform- 
ance. This observation supports the conclusion of the com- 
posite material work that the development of a good 
interfacial bond is of-primary importance when applying 
repairs in a chloride contaminated environment. 
It may have been expected that there would have been a good 
correlation between the ranking of time to corrosion of the 
single material specimens and the ranking of the capillary 
absorption of the materials. The degree of chloride ingress 
would be largely influenced by the ability of water to 
ingress the material. Figure 4.7 shows that there is no 
obvious correlation. 
Other workers have carried out similar and more extensive 
studies into the physical properties of repair materials 
(4.914.10 & 4.11]. The results from these studies largely 
agree with the findings reported here. These previous 
studies concentrated on the structural consequences of 
repair material properties. It is the authors experience 
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that concrete repairs are usually carried out for service- 
ability reasons rather than because of structural require- 
ments. Therefore, it is the corrosion protection performance 
of the material which is of primary importance. The physical 
property requirements of the material are limited to its 
ability to stay in place. Where repairs are required f or 
structural reasons then it will be necessary to select a 
material with both. the necessary mechanical and corrosion 
protection properties. 
Having shown that the physical properties, with the possible 
exception of the adhesion bond strength, of the materials 
measured in this study have little or no significance on the 
corrosion protection it is important to consider why these 
properties need to be considered at all and also what other 
properties can be measured to determine the likely perform- 
ance of concrete repairs. 
concrete repairs become necessary after corrosion of rein- 
forcement has occurred causing concrete to spall from the 
element. In selecting the repair materials the engineer 
first has to decide whether the repairs are structural or 
cosmetic. If the repairs are cosmetic then the material used 
must be durable in the service environment and prevent a 
recurrence of the problem which originated the repair 
requirement. If the repairs are to contribute to the load 
carrying capacity then their mechanical properties must also 
be considered. 
There have been a number of published papers on repair 
strategies and the need for selecting materials by property 
[4.12.4.13]. These have generally been of the opinion that 
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the ideal repair material is one which matches the prop- 
erties of the substrate concrete as closely as possible. 
There several flaws in this approach, namely: 
The ability of the repair to contribute to the load 
carrying capacity of the element is tempered by the load- 
ing condition under which the repair is performed.. Unless 
the element is completely unloaded then the repair can 
only contribute to subsequent increases in load. 
- The repair material is always of a different age to the 
substrate concrete and will therefore creep at a differ- 
ent rate, even if in every other way it matches the prop- 
erties of the substrate. 
The repair has to perform in the service environment. The 
results from this study suggest that materials which 
closely resemble the concrete substrate in terms of 
physical properties do not necessarily perform well at 
preventing the recurrence of the original problem, chlor- 
ide induced corrosion of reinforcement. 
The results from this study suggest that if there is one 
critical material property which determines the ultimate 
performance of a repair material then it is not one of those 
which we have measured. Given that the properties measured 
in this study and those by others have been largely mechan- 
ical properties, it may be pertinent to conduct a study of 
the chemical properties of the different materials. It is 
far more likely that the performance of a repair is deter- 
mined by a combination of properties, including but not 
limited to the following: 
bond strength 
low shrinkage 
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- low capillary a6zorption 
- low chloride diffusion coefficient 
- mechanical properties suitable for the intended service 
4.5 Conclusions 
1. The results showed a correlation between the ranking of 
the adhesion bond strength of materials and the ranking 
of time to corrosion of the materials used in the compos- 
ite specimen section of the work. This suggests that the 
likely performance of a repair material may be indicated 
by a simple bond strength test. 
2. The results obtained in this section of the work were 
found to be in general agreement with results reported 
elsewhere for similar materials. 
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Figure 4.1 Cementitious tensile specimen in the test rig. 
Cover to prevent evaporation 
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Slice of material under test 
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Figure 4.2 Experimental arrangement for 
measuring capillary absorption. 
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Figure 4.3 Pull-off rig and strain box for adhesion bond 
strength tests. 
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This chapter details the design and manufacture of the 
single material specimens. The test methods used are also 
described. The main aims of this section of work are three- 
fold: 
(i) To monitor, the 'time to initiation of corrosion'. 
(ii)To monitor the rate of corrosion. 
(iii)To monitor the penetration of chloride ions into the 
material. 
Performance data yielded by this section is only comparative 
and is not intended for forecasting service life in the 
field. 
5.2 Specimen Manufactur& 
specimens were manufactured from the fourteen materials 
described in Chapter 3. Five specimens were cast from each 
material, three with 6mm diameter embedded steel rods, two 
without. A rodded specimen is illustrated in Figure 5.1. 
The rodded specimens each have three sets of three bars, 
embedded at different depths of cover. For the cementitious 
materials the covers were 10,25 and 40mm, for the resinous 
materials the covers were 10,20 and 30mm. Different covers 
were selected for the following reasons: 
(i) To enable the measurement of the time to corrosion with 
increasing depth of cover. 
(ii)To model the covers which the materials might be 
expected to provide in the field. 
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The 10,20 and 30mm depths of cover in the resinous speci- 
mens allowed a shallower specimen to be used. This prevented 
excessive heat build up in the resinous materials during the 
exothermic curing process. 
A group of three bars at each depth of cover was necessary 
to provide information on the uniformity of the time to 
initiation of corrosion and also to enable bars to act as 
the auxiliary electrode when using the polarisation resis- 
tance technique of corrosion rate determination. 
The steel electrodes were manufactured from 6mm diameter 
mild steel bar. The bars were cut to length, turned to a 
bright steel finish, degreased with acetone and stored in 
a desiccator awaiting the application of the protective 
coating. 
The bars were coated with a de-aired, SBR: water: OPC 
(1: 1: 4) paste, similar to that used by Page and Lambert 
[5.1], applied as follows. The bar ends were dipped into 
the paste to an appropriate length and left to dry over- 
night. A second coat of the paste was applied in the same 
manner the following day and again left to dry overnight. 
Care was taken to ensure that only cement paste was in 
contact with the steel. 
A final coat of epoxy resin was applied to the bar ends 
by dipping and left to dry overnight. A lathe was then 
used to remove the paste from the central section of the 
bar leaving an exposed length of 120mm. Paste was also 
removed from one end of the bar to facilitate electrical 
connection once the bar was embedded in the specimen. The 
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bars were then stored in a desiccator until needed for 
casting. A diagram of a finished bar is shown in Figure 
5.2. 
The bar coating served two purposes: 
It prevented preferential corrosion of the bar ends 
which protrude from the specimen. 
(ii)It ensured that a standard area of steel was exposed 
on every bar in every specimen. This is important as 
the corrosion current can only be calculated when the 
corroding area is known. 
The specimens were cast in wooden moulds, Figure 5.3, 
with the ponding face downwards. This ensured that the 
ponding surface was of a consistent quality and also 
that the ponding lip was an integral part of the speci- 
men preventing any leakage problems. If a trowelled 
surface had been used then the finish would be operator 
sensitive and therefore more variable. The moulds were 
lined with polythene to remove any possible effect that 
the presence of demoulding oil may have on the surface. 
For these*materials, standard batching and mixing pro- 
cedures were adopted. The aggregates were batched in an 
oven dried state the day before mixing and left to soak 
overnight in the total added mix water.. Before placing 
the soaked aggregates in the mixer drum, a damp cloth 
was wiped over the surface of the drum and the mixer 
blades to prevent absorption of the mix water. The 
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aggregates were then placed in the drum and mixed for a 
short period before adding the cement. Two mixers were 
used for these materials, depending on the batch size: 
Cumflow 4404,50 - 175 kg. 
Zyklos ZZ30,30 - 50 kg. 
Consistency of the 'good', 'moderate', 10mm aggregate 
and sand/cement mixes was checked using slump and wet 
density measurements. The 'flowing' cement replacement 
mixes, GGBFS, PFA and Microsilica concretes, were 
checked for compliance with the flow requirements of BD 
27/86 [5.3] using a flow trough, Figure 5.4. 
5.2.2.3 Pro-batched Comentitious Repair Materials 
For these materials (SBR, acrylic, silicate-modified 
mortars and flowing concrete) the manufactur- 
ers/suppliers mixing and placing instructions were fol- 
lowed a summary of which is given below. 
SBR and Acrylic Modified Mortars 
These mortars were mixed using a flat pan mixer. The 
cement/filler component was mixed with the latex emul- 
sion until they formed a homogeneous mortar. Care was 
taken to avoid over mixing as excess air entrainment 
reduces the properties of the material. 
'Flowing' Concrete 
This material may be mixed in either a free-fall or 
flat pan mixer, depending on the mix volume. In this 
case a flat-pan mixer was used. Two thirds of the mix 
water was placed in the mixing pan, the cement/filler 
component added and mixed for one minute. Allowable 
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limits for the mix water were given by the manufac- 
turer, with a maximum of 5 litres per 50kg bag of 
cement/filler. The remaining mix water was then added 
and mixed for a further three to four minutes. The mix 
was left to de-aerate for two to three minutes before 
being poured into the moulds. 
Silicate Modified Mortar 
The mortar was mixed in a flat pan mixer with the 
cement/aggregate added gradually to the mix water. 
Total mixing time was around two minutes. 
5.2.2.4 Polymer-Concretes - ZRoxy Resin Mortar, Light- 
weight ERoxy Resin Mortar and Methyl-methacrylate Mor- 
tar (MMA) 
The two epoxy resin mortars were supplied as a two pack 
epoxy resin base with pre-batched filler. The resin and 
hardener were mixed together in a flat pan mixer before 
the filler was added. The mortar was mixed until homo- 
geneous then placed by hand into the mould. 
The MMA was supplied as a two part mix, the resin base 
as a liquid, the catalyst for which was contained in 
the filler as a dispersed powder. Following the manu- 
facturers instructions additional, single size 6mm 
aggregate was added to the mortar at a ratio of 1: 1 by 
weight because of the depth of application. The mortar 
was mixed in a flat pan mixer by adding the filler to 
the resin base. 
The steel rods were inserted into pre-drilled holes and 
the depths of cover checked using steel shims. The moulds 
were then filled in three layers. In the case of the 
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concrete mixes each layer was vibrated for a period of 
about a minute to remove air. The mortars were compacted 
into place using hand held, square ended tamping bars. 
The surfaces were finished with a steel float, covered 
with damp cloth and polythene sheet and left overnight. 
The following day the moulds were stripped, the specimens 
labelled, bar ends greased, to prevent rusting, then 
placed in a curing chamber (R. H. 100%, temperature 250C) 
for a further six days. After a total of seven days cur- 
ing the specimens were removed from the chamber and 
stored in laboratory air for a further 21 days until 
ponding and monitoring began. 
The resin mortars did not require 'wet' curing, the manu- 
facturers instructions stated that they should be pro- 
tected from rain for the first 24 hours. The moulds were 
stripped after 24 hours and the specimens stored in 
laboratory air until 28 days old. 
During the 21 day period between the end of curing and 
the start of monitoring, all of the specimens had two 
coats of epoxy resin applied to their sides. This was to 
restrict the. ingress and egress of gases and moisture 
through the sides of the specimen. 
5.3 Testing PrOcedure 
5.3.1 PondingLRegime 
It has been demonstrated in Chapter 2 that a wet/dry 
Y be, 
ponding cycler the most aggressive environment for pro- 
moting the penetration of chloride ions into concrete. It 
was decided to use a one week wet/one week dry ponding 
cycle in this work to simulate this action. Before pond- 
ing with chloride solution all specimens were ponded 
with distilled water for two days. The aim of this 
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initial water ponding was to standardise the moisture 
condition of the specimens. During all ponding periods in 
the programme the ponded surfaces of the specimens were 
covered with polythene sheet to minimise loss of ponding 
solution through evaporation. 
After two days ponding with distilled water the first set 
of rest potential (Ecorr) and polarization resistance 
(icorr) readings were taken. The procedures for these are 
detailed in the following sections. These were the base 
readings for the material i. e. at time = 0. The distilled 
water was then removed with a sponge. of the five speci- 
mens cast in each material, four specimens (two rodded 
and two unrodded) were ponded with a 5% by weight sodium 
chloride solution, the third rodded specimen was ponded 
with distilled water as a control. The specimens were 
ponded for seven days before a second set of half-cell 
potential and polarization resistance readings were 
taken. The ponding solution was removed with a sponge and 
the specimens returned to the storage shelves where they 
were supported on wooden battens, to allow draw through 
of the ponding solution. This wet/monitor/dry cycle was 
repeated for between 15 and 30 months depending on the 
material. 
The half-cell potential, also known as the rest poten- 
tial, Ecorri was determined for each of the bars in a 
specimen using the circuit diagram shown in Figure 5.5. 
The history of use of this technique for assessing the 
corrosion state of steel in concrete is well established. 
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The saturated calomel electrode, see Figure 5.6, was used 
for the determination of all half-cell potentials in this 
study because of its long term stability. 
Because of the need for a path of good electrical conduc- 
tivity between the reference electrode and the steel 
through the concrete, all readings were taken with the 
ponding solution in place. This also prevented any poss- 
ible errors due to changing resistivity as the concrete 
dried out. 
5L4 Polarization Resistance 
Polarization Resistance (Rp) is an electrochemical technique 
for determining the rate of corrosion of metals without 
removing them from the test environment. The technique was 
developed by Stern [5.4], from earlier work by Stern and 
Geary [5.5] on the 'breaks' in polarization curves. The 
application of Rp to the problem of corrosion of steel in 
concrete was demonstrated by Stern [5.6] and has been well 
documented since. A review of previous work is given in 
Chapter 2 and a brief summary is given here. 
When an electrode is displaced from its rest potential# 
i. e. 
polarized .a current 
is produced. If the magnitude of 
polarization is less than around 30MV then the relationship 
between polarization and current density is linear. The 
equipment used to impose and maintain the polarization is a 
potentiostat. These take many forms, ranging from the simple 
circuit diagram shown in Figure 5.7 to microprocessor con- 
trolled models. In th 
, 
is study a Ministat 401 Potentiostat 
(supplied by Thompson Electrochem Ltd) was used, Figure 5.8. 
The procedure for measuring the polarization current was as 
follows. Starting at the 10mm depth of cover bar A was con- 
nected as the working electrode (WE), i. e. the electrode 
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whose corrosion rate we wish to establish, and bar B as the 
auxiliary electrode (AE). The rest potential of bar A was 
determined and the potentiostat adjusted to impose a poten- 
tial 10mV more positive using the 10-turn potentiometer. The 
potential was imposed and the resulting current allowed to 
decay to a steady reading before being recorded. The decay 
period was taken to be about 30 seconds. Measurements for a 
whole block were. taken in the following sequence: 
Cover (mm) Working 
Electrode 
Auxiliary Electrode 
10 A B 
C B 
20/25 A B 
C B 
30/40 A B 
C B 
10 B A 
20/25 B A 
30/40 B A 
During the polarization period the auxiliary electrode was 
disturbed from its original rest potential. If the differ- 
ence between the rest potential of the working and auxiliary 
electrodes was very large then the AE had to be allowed to 
stabilise for some time before polarisation resistance could 
be determined. 
once a current reading had been obtained the corrosion cur- 
rent icorr could be calculated from the Stern and Geary 
equation [5.5]. 
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Polarization readings were taken at the same intervals as 
the rest potential measurements throughout the monitoring 
period for each material. 
chloride ion profiles were obtained by drilling dust samples 
from the un-rodded specimens at intervals throughout their 
ponding life. Samples were taken from each of the three 
depths of cover using a rotary hammer drill and a lomm diam- 
eter bit. The dust from the first 30mm of each hole drilled 
was discarded because it was not directly underneath the 
ponding surface. Two or three holes were drilled at each 
depth of cover to obtain a representative sample. 
Extracted dust samples were analyzed for Cl- content using 
Quantab stripsi the procedure is detailed in Appendix A'. 
Briefly, chlorides were separated from the sample using acid 
extraction, the solution was neutralised and filtered. A 
Quantab strip was placed in the solution until the indicator 
bar showed the test was completed. The concentration of 
chloride in the solution was obtained by reading off the 
scale on the capillary on the test strip. A sample calcula- 
tion is given in Appendix B. Results from the Quantab strips 
were randomly checked using the Volhardt titration technique 
(5.7 ]. 
At the termination of the wet/dry ponding exposure the two 
rodded specimens ponded with chloride solution for, each 
material were broken open. The purpose of this destructive 
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examination was to establish the condition of the embedded 
steel bars and, if possible, quantify the extent of the cor- 
rosion. 
Visual Examination 
The specimens were fractureý using a small electric breaker, 
the bars were retrieved and their condition recorded photo- 
graphically. The bars were then labelled and stored in 
sealed polythene bags until required for weight loss 
measurement. 
Weight Loss 
The weight loss due to corrosion of the bars was assessed by 
weighing and measuring the bars (length and diameter). The 
bars had not been weighed before casting of the specimens, 
therefore it was necessary to 'back calculate' their orig- 
inal weight using the measured volume of the bars and multi- 
plying it by the density of the steel. 
Following the calculation of original weight the bars were 
cleaned of corrosion product by immersion in an agitated 
solution of 'Hexaminel. At intervals of 10 minutes the bars 
were removed, rinsed in distilled water, rinsed in acetone 
and re-weighed. This process was repeated until the weight 
change over the time interval became constant. The weight 
change data was then plotted against time as shown in Figure 
5.9 and the weight loss due to corrosion calculated. 
Chloride Penetration 
To visually assess the chloride penetration front, freshly 
fractured faces of the chloride ponded specimens were 
sprayed with silver nitrate solution. After a few seconds a 
whitish/purple precipitate formed on the surface of the 
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specimen where chlorides were present. This test was per- 
formed on the single material specimens and the results 
recorded photographically. 
5.7 X-Ray Photo-electron Spectroscopy (XPOI 
XPS was used to analyse the corrosion products found on the 
surface of two bars, one with 10mm cover, one with 25mm 
cover. Both bars were taken from a moderate concrete speci- 
men. 
XPS is a surface analysis technique from which the chemical 
state of a material surface can be accurately assessed. An 
X-ray is directed onto the surface, in a vacuum. Electrons 
are ejected from the surface and separated into a spectrum 
according to their kinetic energies. This spectrum can be 
regarded as a plan of the orbital energy levels of the stu- 
died atom. The main advantages of the technique are: 
(i) The binding energy for a peak is specific to the 
orbital from which the electrons originate. 
(ii)The energies of orbitals change when elements are chemi- 
cally bonded, so bonding information is available. 
(iii)Quantitative analysis of the surface can be made by 
calculating the area under the peak. 
The equipment used was a VG Escalab MkII. 
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This chapter presents the results obtained from the 
single material specimens of the fourteen materials 
tested as described in chapter 5. The results are 
first summarised, then presented in more detail, 
together with some initial discussion. 
Time to Corrosion 
The time to corrosionr To, for each of the materials 
tested is shown in table 6.1. To is taken as the time 
from the first ponding with chloride solution to the 
time when the half-cell potential of any of the bars 
at any depth of cover falls below -280mV(SCE(Satu- 
rated Calomel Electrode)). This is approximately 
equivalent to -350 mV (CSE (Copper Sulphate 
Electrode)). The choice of -280 mV (SCE) as a thresh- 
old half-cell potential below which corrosion is 
assumed to occur was based an the classic Van Daveer 
criteria (6.1] and on results from other workers in 
the field (6.2,6.3]. 
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Material Time 
under 
Time to Corrosion 
(weeks) 
Test 10mm cover 1 25mm cover 40mm cover 
(weeks) spec 1 spec 2 spec I spec 2 spec 1 spec 2, 
Good quality OPC concrete 130 41 19 - - - - 
Moderate quality OPC 
concrete 
130 1 7 17 33 51 35 
10mm Aggregate OPC 
concrete 
130 15 11 - 59 - - 
Sand/cement mortar 130' 69 57 - - 
GGBFS/OPC concrete 79 - 49 - 
PFA/OPC concrete 79 71 49 - 
Microsilica concrete 79 - - - 
Flowing' concrete 130 - - - 
Silicate modified mortar 104 5 11 - 
Acrylic modified mortar 79 - - - - - - 
SBR modified mortar 104 - - - - - - 
Normal weight epoxy 
resin mortar 
104 - - - - - - 
Lightweight epoxy 
resin mortar 
104 - - - - - - 
Methyl-methacrylate 104 
resin mortar *I 
Table 6.1 Time to corrosion in weeks. 
A dash indicates no corrosion activity was monitored 
* shows materials where the covers were 10,20 and 30mm. 
Following initiation of corrosion there were two states 
which were observed in this study; 
Ecorr becare gradually more negative and the cor- 
rosion current gradually increased with time. 
2) Bars,, generally at the lomm depth of cover, 
repassivated and reactivated throughout the moni- 
toring period. This was indicated by fluctuations 
in values of Ecorr and icorr- 
As noted, this repassivation of the bars was generally 
seen at the 10mm depth of cover. only one bar at a 25mm, 
depth of cover exhibited repassivation. However, fol- 
lowing subsequent initiation of corrosion this bar 
remained in an active state for the remainder of the 
monitoring period. 
Chloride profiles obtained at regular 6 month intervals 
throughout the monitoring period indicated that initi- 
ation of corrosion occurred at chloride concentrations 
between 0.2 and 1.3%Cl-/weight of cement. These values 
are broadly in agreement with results obtained by other 
workers (6.4 - 6.7] and are summarised in table 6.2. 
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Material Depth of cover (mm) 
10 25 40 
spec spec spec spec spec spec 
1 2 1 2 1 2 
Good quality 0.87 ' 0.30 - - - - 
concrete 
Moderate 0.40 1.05 0.25 0.82 0.25 <0.1 
quality con- 
crete 
10mm aggre- 0.27 0.15 - 0.25 
gate con- 
crete 
Sand\cement 0.50 0.50 - 
mortar 
GGBFS\OPC - - 
concrete 
PFA\OPC con- 1.30 0.25 - 
crete 
Silicate-mod 0.25 0.42 - 
ified mortar 
Table 6.2 Estimated chloride concentration at time of 
corrosion initiation, %chloride by weight of cement. 
At the end of the monitoring life of each specimen the 
embedded bars were broken out and visually examined for 
corrosion. This visual examination of the bars con- 
firmed the degree of corrosion indicated by the elec- 
trochemical techniques. Correlation between gravimetric 
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results and the weight loss predicted by the 
electrochemical measurements was generally within a 
factor of 2. Figure 6.1. 
From table 6.1 the materials may be ranked in order of 
increasing time to corrosion at the lomm cover depth; 
Moderate OPC Concrete 
Silicate modified mortar 
Methyl-methacrylate mortar 
10mm Aggregate OPC Concrete 
Good OPC Concrete 
PFA/OPC Concrete 
Sand/cement mortar 
GGBFS/OPC Concrete 
All other materials showed no signs of corrosion 
throughout the monitoring period. All the materials 
were monitored for a greater period than the longest 
time to corrosion of those listed above. 
Figures 6.2 to 6.7 show the values of Ecorr and 
icorr versus time for the single material speci- 
mens made from good OPC concrete and exposed to 
chloride solution. The plots for the 10mm cover 
bars show that a drop in rest potential, from 
values of around -100mV to -200mV, to values more 
negative than -280 mV was generally associated 
with an increase of an order of magnitude in the 
corrosion current from 0.1 to more than 
l. OmA/m-2. 
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In both specimens 1 and 2( Figures 6.2 and 6.3) 
the plots for rest potential and corrosion cur- 
rent suggested that repassivation occurred on all 
three bars at the 10mm, depth of cover. The nature 
or mechanism of the repassivation effect was not 
consistent. In some cases the rest potential 
dropped to less noble values for a short period 
(one or two ponding cycles) before returning to 
passive values. In other cases the rest potential 
returned to passive values much more slowly. For 
example, specimen 1 bar C indicated initiation of 
corrosion after approximately 63 weeks, the 
potential of the bar then gradually became more 
positive over a period of approximately 40 weeks. 
Accompanying this rise in potential was a gradual 
decline in the value of the corrosion current. On 
those bars where the potential returned to pass- 
ive values quickly, the corrosion current also 
reverted to low values quickly. This mirrored 
behaviour confirms the usefulness of measuring 
Ecorr and icorr in tandem. These observations 
suggest that there is a possibility of two 
repassivation mechanisms operating at the lomm 
cover level in these specimens. This will be dis- 
cussed in chapter 7. 
The 25mm and 40mm cover bars in the Good OPC 
concrete, Figure 6.4 - 6.71 did not show any 
signs of initiation of corrosion throughout the 
monitoring period. Rest potentials were in the 
range -100mV to -150mV and corrosion currents 
less than O. lmA/m2 throughout the monitoring 
period. This demonstrated the ability of well 
compacted, low water/cement ratio concrete to 
reduce the rate of penetration of chloride ions. 
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Figures 6.8 to 6.13 show the plots for Ecorr and 
icorr versus time for the two Moderate OPC con- 
crete specimens exposed to chloride ponding. 
Figures 6.8 and 6.9. the plots for the bars with 
10mm cover, show the short time to initiation at 
this level. However, as with the lomm cover bars 
in the Good OPC concrete, the bars showed an 
ability to repassivate. Again, two repassivation 
mechanisms appear to be present, i. e. the rapid 
and slow return to passivity. In these specimens 
the slow return to passivity was the prevalent 
action. Although-potentials of the bars returned 
to what could be considered as passive poten- 
tials, the corrosion current did not decrease to 
the low values expected. Additionally, the icorr 
versus time plot for bar C in specimen 1, Figure 
6.8, showed what appeared to be a two stage cor- 
rosion rate after initiation of corrosion. 
Between 60 and 100 weeks the corrosion current 
was approximately 1mA/m2 (the rest potential dur- 
ing this period was gradually returning to pass- 
ive values). After 100 weeks of exposure the rest 
potential fell to values more negative than 
-500mV and this was accompanied by a rise of an 
order of magnitude in the corrosion current'from 
approximately 1. OmA/m2 to lOmA/m2. This corrosion 
rate was then maintained for the remainder of the 
monitoring period. 
The two trends seen on the Ecorr and icorr Plots 
of decreasing rest potential and increasing cor- 
rosion current with time suggest that the envi- 
ronment within the specimens at the 10mm cover 
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depth increasingly favoured the propagation of 
corrosion, reducing the ability of the bars to 
repassivate. 
Figures 6.10 and 6.11 show the Ecorr and icorr 
versus time plots for the bars at 25mm cover in 
the moderate OPC concrete. 
In specimen 1, Figure 6.10, it can be seen that 
initiation of corrosion on bar B occurred after 
17 weeks when the rest potential fell to values 
more negative than -4501V. The slow rise in 
potential to more positive values after 21 weeks 
suggests that repassivation was taking place. 
Between 61 and 69 weeks all three of the bars at 
the 25mm cover level showed a drop in rest 
potential to values more negative than -4001V. 
These falls were accompanied by increases in the 
corrosion current from values less than O. lmA/m2 
to around 3mA/m2. From this time to the end of 
the monitoring period the rest potentials became 
slowly more negative while the corrosion currents 
increased to values between 10 and 30mA/M2. 
In specimen 2, Figure 6.11, the first initiation 
of corrosion was indicated by bar A after 33 
weeks when the rest potential dropped to values 
more negative than -400mV. No repassivation was 
observed on this specimen. Following initiation 
of corrosion the potentials were generally within 
the range -350 to -500 MV while the corrosion 
currents were in the range 10 to 30 MA/M2. 
Figures 6.12 and 6.13 show the Ecorr and icorr 
versus time plots for the 40mm cover bars in the 
moderate OPC concrete. on specimen 1 the poten- 
tial of bar C showed a steady decline to more 
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negative values after approximately 40 weeks. 
There was not the sharp drop in potential asso- 
ciated with the onset of corrosion on other bars 
in the same specimen. This downward trend in 
potential was matched by a steady increase of the 
corrosion current with time. For the other two 
bars in specimen 1, Figure 6.12, bar A showed 
steady passive potentials until initiation of 
corrosion after approximately 109 weeks. Bar B 
showed less stable potential values but after 111 
weeks a sharp drop to values more negative than 
-450MV indicated the initiation of corrosion. The 
corrosion currents for bars A and B rose steeply, 
with the initiation of corrosion, from less than 
0.1MA/M2 to more than 1. OmA/m2, continuing to 
rise until the end of the monitoring period when 
they reached values of approximately 40mA/M2. 
In specimen 2, Figure 6.13, the potential plots 
for bar A, B and C suggest the possibility of at 
least partial repassivation. The values of cor- 
rosion current, although showing a slight 
decline, did not support this observation, 
remaining at levels associated with active cor- 
rosion in other specimens (approximately 
1OmA/m2). Examination of the icorr Plot for bar A 
showed a two stage corrosion rate, similar to 
that noted for bar C in specimen 1 at the 10mm 
cover level. 
Figures 6.14 and 6.15 show the Ecorr and icorr 
versus time plots for the lomm cover bars in the 
specimens exposed to chloride solution. Initi- 
ation of corrosion on specimen 1 was indicated by 
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drops in potential on bars A. B and C after 79, 
69 and 105 weeks respectively. The corrosion cur- 
rent readings confirmed this observation, rising 
from less than 0.1 mA/M2 to'approximately 
1. OmA/m2 as the rest potential dropped to values 
more negative than -400 XV. In specimen 2 the 
times to initiation of corrosion for-bars A, B 
and C were-61,, 57 and 127 weeks respectively. 
Again drops in rest potential were mirrored by 
rises of approximately an order of magnitude in 
the corrosion current. It can be seen that the 
rest potential trace for bar B dropped to a 
slightly more negative level following the initi- 
ation of corrosion on bars A and C., This drop was 
probably a result of allowing insufficient time 
between*using the bar as an auxiliary electrode 
for bars A and C and attempting to measure the 
rest potential, i. e. allowing insufficient time 
for depolarisation. 
The slow form of repassivation seen on bars in 
other materials is also indicated by these fig- 
ures. It is interesting to note that only one 
incidence of initiation of corrosion was 
identified for each of the bars as opposed to 
multiple initiations seen in previous materials. 
As with other differences in performance between 
the sand/cement mortar and other materials in the 
study, this may be explained by the difference in 
the steel/concrete interface between the 
materials. It is suggested that the increased 
homogeneity of this interface in the sand/cement 
mortar conferred by the aggregate size and the 
high cement content reduced the variability of 
the time to corrosion. As a consequence, the 
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environment to which the bars were subjected 
would be more likely to be consistent along-the 
length of the bar than in other materials. There- 
fore, if one part of the bar was able to repassi- 
vate, as a result of electrochemical conditions, 
then the whole length of the bar was more likely 
to be in the same electrochemical state. 
Figure 6.16 shows the Ecorr and 'corr' versus time 
plots for the bars at the 25mm cover level in a 
specimen exposed to chlorides. None of these bars 
showed signs of initiation of corrosion. However, 
all of the rest potential plots showed the same 
trend of more positive potentials over the 
initial 30 week period. Initially it was thought 
that this was due to a slow formation of passive 
film. -'On consideration, because of the'ýtimes'cale 
and the small magnitude of change in rest poten- 
tial values this is unlikely., It is more probably 
due to the long term hydration of the mortar 
which would reduce the capillarity of the 
material causing an increase in the resistivity 
of the mortar. 
Figure 6.17 to 6.21 show the values of Ecorr and 
icorr , recorded at the end of each ponding 
period, for the 10mm aggregate OPC concrete 
single specimens exposed to chloride solution. 
The plots for the 10mm cover bars show that for 
specimen 1, Figure 6.17, a drop in rest potential 
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from values of between -1001V and -160mV to 
values more negative than -350mV occurred on all 
three bars between 15 and 25 weeks of exposure. 
Following this initiation of corrosion the bars 
repassivated, returning to passive potentials 
within a maximum of 20 weeks of initiation. On 
bar C corrosion initiated after 59 weeks was 
maintained until the end of the monitoring 
period. Bars A and B each registered five separ- 
ate initiations of corrosion. None of these 
resulted in sustained corrosion activity. For all 
three bars the movement of the rest potential 
value was mirrored by the values recorded for the 
corrosion current. Active potentials were asso- 
ciated with values greater than 1mA/m2 while 
passive potentials were associated with icorr 
values of less than 0.1MA/M2. 
For specimen 2, Figure 6.1e, the data showed that 
between 11 and 19 weeks of exposure the potential 
of the three lomm cover bars dropped from between 
-1001V and -200mV to less than -350MV and in most 
cases less than -450MV. All three bars then 
repassivated. The form of repassivation seen was 
both short term and long term. At the end of the 
monitoring period bars A and C were actively cor- 
roding while bar B was in a passive state. The 
values of ie... recorded during the monitoring 
period generally agreed with the potential 
values. 
It can be seen that between weeks 61 and 103 the 
potential of bar A rose steadily from approxi- 
mately -380mV to -100MV. Over this same period 
however the value of corrosion current fell to 
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approximately 0.5mA/M2, almost an order of magni- 
tude greater than the corrosion current for bar B 
which was showing similar passive potentials. 
This suggests that although bar A was repassivat- 
ing the rate of corrosion was still markedly 
greater than indicated by the potential of the 
bar. 
For the 25mm cover bars, Figure 6.19, the data 
demonstrated that specimen 1 did not show any 
initiation of corrosion throughout the monitoring 
period. Potentials rose from values of approxi- 
mately -200MV at the start of the monitoring 
period to approximately -120mV at the end. 
Similarly, the values of corrosion current 
recorded were less than 0.1 mA/m2 throughout. 
For specimen 2, Figure 6.20, the first initiation 
of corrosion shown by bar C after 43 weeks was 
unusual in that it was a steady movement of the 
potential to more negative values over several 
weeks, rather than the sharp drop from one moni- 
toring period to the next seen in other cases. 
Initiation of corrosion had occurred on all bars 
by 69 weeks. All bars moved to more positive 
values of potential following initiation of cor- 
rosion but the rate of change was usually slower 
than that seen on the 10mm cover bars in the same 
specimen. Following initiation the value of cor- 
rosion current monitored was generally between 1 
and lOmA/m2. Variations in the value of potential 
were mirrored by changes in the value of the 
corrosion current but, after initiation of cor- 
rosion, corrosion currents did not revert to 
values associated with passive behaviour prior to 
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corrosion. This shows that although both monitor- 
ing methods agreed on the time to initiation of 
corrosion they did not give the same agreement 
when the bar was repassivating. This observation 
is of interest as it suggests that the individual 
use of either rest potential or polarisation 
resistance to monitor the corrosion of steel in 
concrete is fallible. 
Figure 6.21 shows the results from specimen 1 for 
the bars with 40mm of cover. No initiation of 
corrosion was seen on either specimen 1 or speci- 
men 2. In both cases the potentials were within 
the range -100 to -200mV and the corrosion 
current less than O. 1mA/m2 throughout the moni- 
toring period. 
Figure 6.22 shows typical Ecorr and icorr VB time 
plots for the SBR modified mortar specimens 
exposed to chloride solution. The Ecorr Plot 
shows that initially the potentials of the bars 
at all depths of cover in this material were 
indicating a medium risk of corrosion with values 
between -200 to -35OmV. However, over a period of 
7 weeks the potentials shifted to more noble 
values of around -100mV. The icorr results did 
not suggest that the corrosion rate was high. The 
Ecorr vs time Plot for the control specimen (ex- 
posed. to water only) also showed very negative 
potential values in the early stages, Figure 
6.23. These early negative potentials are prob- 
ably due to the formation of the passive film on 
the surface of the steel bars. 
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Figure 6.24 shows typical Ecorr and icorr vs time 
plots for the acrylic modified mortar specimens 
exposed to chloride solution. The Ecorr values at 
the start. of the monitoring period were approxi- 
mately -100mV. With time these moved to more 
noble values, and in some cases eventually became 
posit , ive. The value of the corrosion current'was 
low, leS , s'than' O. lmA/m2,, throughout the monitor- 
ing period, indicating that no corrosion was tak- 
ing place. 
Figures 
' 
6.25 to 6.26 show Ecorr and icorr versus 
time plots, for the lomm cover bars. The'se"plots' 
show that the performance of the material was 
similar in both specimens. In specimen 1 initi- 
ation of corrosion was indicated on bars A, B and 
C after 5,13 and 9 weeks respectively. In 
specimen 2 the figures were 13,19 and 21 weeks. 
Repassivation and subsequent reactivation was 
suggested by the values of rest potential for 
bars A, B and C in specimen 1 and bars A and C in 
specimen 2. Values for corrosion current were in 
the range 0.3 to 1.0 mA/M2 throughout the moni- 
toring period suggesting a low, but active, rate 
of corrosion. 
Figure 6.27 shows the Ecorr and icorr versus time 
plots for the 25mm cover bars in specimenl. These 
plots show no signs of initiation of corrosion. 
Similar behaviour was observed in the other 
specimens with 25mm and 40mm of cover. Given the 
short-To values for the 10mm bars and comparable 
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performance of other materials in the study this 
is surprising. It suggests that the silicate 
addition to the mortar was not effective near the 
surface. This supposition was supported by the 
chloride penetration data for this material, Fig- 
ure 7.6. shows that although levels of chloride 
around the 0.4 - 0.5%/weight of cement were 
present at the lomm level from 6 months onwards, 
no appreciable levels of chloride were detected 
at the 25 and 40mm cover depths at any time dur- 
ing the monitoring period. The results from this 
study suggest that although the silicate mortar 
was an unsuitable material for preventing pen- 
etration of chloride ions to lomm. cover bars it 
was capable of preventing penetration of 
chlorides-to deeper covers. This is probably, 
achieved by an increasing densification of the 
matrix with depth, caused by the formation of 
calcium silicate crystals which act as pore- 
blockers. Thus decreasing the chloride diffusion 
coefficient. 
Figures 6.28 shows typical Ecorr and icorr vs 
time plots for the flowing concrete specimens 
exposed to chloride solution (specimen 1 10mm 
cover). The plots show that the potentials were 
initially in the range -100 to -200mV, over the 
first 30 weeks of ponding the potentials grad- 
ually shifted to more positive values within the 
range 0 to -100mV and remained in this, range 
throughout the monitoring period. The values of 
icorr recorded were less than O. lmA/m2 indicating 
that no corrosion was taking place on these 
specimens. 
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Results for the rest potential and corrosion cur- 
rent monitoring for the two epoxy resin mortars in 
the study showed that the techniques were unsuited 
to the materials. This is because the matrix of the 
polymer concretes did not have a continuous capil- 
lary pore system and therefore no ionic continuity 
between the surface of the specimen and the 
embedded steel. 
6.3-4.1 Methyl-methacrylate Mortar 
Figures 6.29 and 6.30 show the values of Ecorr 
and icorr vs time recorded for the lomm cover 
bars in specimens exposed to chloride solution. 
The data suggested that initiation of corrosion 
took place on the lomm cover bars on both speci- 
mens. No indication of corrosion was observed on 
bars with 20 or 30mm cover. 
6.3.5 Cement ReRlacement Materials 
6.3.5.1 PPAJOPC Concrete 
Figures 6.31 and 6.32 show the Ecorr and icorr 
versus time plots for the 10mm cover bars in the 
pfa/opc concrete specimens. In specimen 1, Figure 
6.31, bars A, B and C had times to corrosion of 
69,69 and 73 weeks respectively. In specimen 2, 
Figure 6.32, the corresponding valueswere 49 
weeks for bar A and 61 weeks for bar C. Bar B did 
not show any signs of corrosion activity. 
Increases in corrosion current at the initiation 
of corrosion were not as great as those seen in 
other materials. Corrosion currents rose from 
approximately 0.1 mA/M2 to just less than 1.0 
mA/M2. This suggests that there is a difference 
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in the factors controlling the corrosion rates in 
pfa /opc and opc concretes. The differences 
between opc and pfa/opc concretes were examined 
in chapter 3. It has been shown by other workers 
(6.1] that the diffusion of chloride ions in 
cement pastes where 30% of the cement content had 
been replaced by pfa was reduced when compared to 
that of comparable opc pastes. Therefore a longer 
time could be expected for this. material. 
Additionally, previous research [6.2) has sug- 
gested that the presence of pfa leads to a 
greater precipitation of gel products than is the 
case with plain opc mixes. This would restrict 
the rate of corrosion due to the increased resis- 
tivity of the matrix. 
The results from the 25 and 40mm cover bars indi- 
cated that no initiation of corrosion occurred on 
these bars. Figure 6.33 showsa, typical example of 
theresults from the bars at deeper cover (speci- 
menl, 25mm. cover). The value of the corrosion 
current associated with passive behaviour is, 
however, higher than the values seen in other 
materials. It has been shown that the replacement 
of opc by pfa has the effect of reducing the pH 
from 13.75 to 13.55 [6.3]. It is not thought 
therefore that the higher than usual corrosion 
currents monitored in these specimens were caused 
as a result of the modification of the passive 
film. 
Initiation of corrosion was indicated by only one 
bar in these specimens, bar B. specimen 2 after 
49 weeks, Figure 6.34. The bar repassivated after 
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53 weeks and the rest potential returned to 
values more positive than before the initiation 
of corrosion. The potential and current plots for 
the remaining bars, although not indicating pitt- 
ing corrosion, show different trends to those 
seen in other materials. Figure 6.35 shows a 
typical example (specimen 2,25mm cover). The 
rest potential for the bars in a passive condi- 
tion is around the -200 IV level for most bars 
until approximately 50 weeks when the potentials 
move to more positive levels. Correspondingly, 
the corrosion currents recorded were higher for 
what was thought to be a passive condition than 
in other materials. At the beginning of the moni- 
toring period values of between 0.8 and 0.1 mA/m2 
were recorded, these values declined steadily 
throughout the monitoring period to around 0.1 
mA/M2. This difference in behaviour could poss- 
ibly be attributed to the slower degree of hydra- 
tion associated with ggbfs concretes and hence a 
slower formation of the passive film. 
Figure 6.36 shows the Ecorr and icorr versus time 
plots for the bars with 10mm. of cover in specimen 
2. None of the bars embedded in this material at 
any depth of cover exhibited potentials or cor- 
rosion currents associated with corrosion. 
Throughout the monitoring period the rest 
potentials showed a slight trend towards more 
positive values (from approximately -150 to -100 
mV) and the corrosion currents declined slightly. 
The results suggest that this material provided a 
very protective barrier against the ingress of 
chlorides. 
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Material Depth Time from start of chloride ponding (weeks) 
from 
ponded 
surface 
(mm) 26 52 78 104 130 
Good OPC concrete 10 0.61 0.98 1.35 0.87 0.96 
25 0.17 0.53 0.19 0.37 
40 0.18 0.27 
Moderate OPC 10 2.26 1.97 3.00 2.66 
concrete 25 1.06 1.06 1.47 1.99 
40 0.27 0.84 0.75 
10mm. Aggregate 10 0.22 1.10 1.18 1.16 1.93 
OPC concrete 25 0.22 0.14 0.46 0.63 1.17 
40 0.21 0.36 
Sand\OPC mortar 10 0.19 0.48 0.50 1.20 
25 0.06 0.25 
40 0.05 0.15 
GGBFS\OPC 10 
concrete' 25 
40 
OPOPFA concrete' 10 0.40 1.58 
25 
40 0.27 
OPOrnicrosilica. 10 
concrete' 25 
40 
'Flowing' concrete' 10 0.14 0.12 
25 
40 0.09 
Silicate modified 10 0.46 0.57 0.46 
mortar' 25 
40 
Acrylic modified 10 0.30 
mortar' 25 0.30 
40 0.30 
SBR modified mortar' 10 0.20 0.22 0.30 0.35 
25 0.16 0.40 
40 0.16 0.24 
No trace of chloride detected 
1. By weight of (OPC + replacement) 
2. Assumed filler: ccmcnt ratio 2: 1 from sieve analysis 
3. Assumed fillerxement ratio 3: 1 from sieve analysis 
Table 6.3 Chloride concentrations by weight of cement at intervals during the exposure period 
tq 
Table 6.2 gives the concentration of chloride by 
weight of cement measured from the dust samples 
extracted from chloride ponded specimens at 6 month 
intervals. It can be seen that generally the 
materials which allowed penetration of chloride were 
also those which exhibited signs of corrosion. The 
exceptions to this were the acrylic and SBR modified 
mortars. After 18 months of exposure to the wet/dry 
ponding both materials showed chloride levels of 
0.3%/weight of cement. In other materials in the pro- 
gramme this concentration of chloride proved suffi- 
cient to initiate corrosion of the embedded steel. No 
such behaviour was observed in either of the polymer 
modified mortars. A review of the literature did not 
find any explanation of the mechanism by which poly- 
mers may enhance the resistance of cement based 
materials to chloride induced corrosion of, 
reinforcement. However, several researchers have 
shown that by adding polymers of the type used in 
this programme, to cement pastes and mortars the pen- 
etration of chlorides can be reduced [6.8.6.9). Both 
of these studies were conducted on laboratory batched 
mortars rather than the mortars pre-batched by repair 
material suppliers used in this study. 
6.1 Van Daveer, J. R., 'Techniques for evaluating rein- 
forced concrete bridge decks. ', J. Amer. Conc. 
Inst., 12 p5971 1975. 
6.2 Bamforth, P. B. & Pocock, D. C., 'Minimising the risk 
of chloride induced corrosion by selection of con- 
creting materials. ', Proc. 3rd Int. Symp. 'Cor- 
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C. L., Treadaway, K. W. J. and Bamforth, P. B., 
Warwick, 1990. 
6.3 Hausmann, D. A., 'Steel corrosion in concrete, how 
does it occur? ', Materials Protection, pp19-23, 
November, 1967. 
6.4 Page, C. L. and Lambert, P., 'Analysis of free 
chloride and pH profiles in reinforced concrete 
road bridges. ' Second Year Progress Report to TRRL, 
University of Aston, 1985. 
6.5 Everett, L. H. & Treadaway, K. W. J., Building 
Research Establishment Information Paper, IP 12/801 
BRE Garston, 1980. 
6.6 Vassie, P. R., 'Reinforcement corrosion and the 
durability of concrete bridges. '. Proc. Instn. Civ. 
Engrs, Part 1,76, pp 713-723,1984. 
6.7 Tuutti, K., 'Corrosion of steel in concrete. ' 
Swedish cement and concrete research institute, 
Stockholm, 1982. 
6.8 Diab, H., Bentur, A., Heitner-Wirguin, C. & Ben- 
Dor, L., 'The diffusion of chloride ions through 
portland cement pastes and portland cement-polymer 
pastes. ', Cem. Conc. Res., vol 18, pp715-7221 1988. 
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erties & corrosion resistance of cement mortar & 
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Figure 6.9 MODERATE CONCRETE 
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Figure 6.10 MODERATE CONCRETE 
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Figure 6.11 MODERATE CONCRETE 
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REST POTENTIAL VS TIME 
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Figure 6.12 MODERATE CONCRETE 
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Figure 6.13 MODERATE CONCRETE 
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REST POTENTIAL VS TIME 
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Figure 6.14 SAND/CEMENT MORTAR 
SPECIMEN 1,10MM COVER 
REST POTENTIAL VS TIME 
100 
0 
Figure 6.15 SAND/CEMENT MORTAR 
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Figure 6.16 SAND/CEMENT MORTAR 
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Figure 6.17 10MM CONCRETE 
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Figure 6.18 10MM CONCRETE 
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Figure 6.19 10MM CONCRETE 
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Figure 6.20 10MM CONCRETE 
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Figure 6.21 10MM CONCRETE 
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Figure 6.22 SBR MORTAR 
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Figure 6.23 SBR MORTAR 
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Figure 6.24 ACRYLIC MORTAR 
SPECIMEN 1,10mm COVER 
REST POTENTIAL VS TIME 
-100 
-200 
-300 
LLJ 
-400 
-500 
-600 L 0 
100 
30 
10 
0.3 
0.1 
0.03 
0.01 
20 40 60 
Time (weeks) 
Bar A 
G- 
Bar B 
9- 
Baý C 
80 100 
Bar A 
9-- 
Bar B 
f3 - 
Bar C 
A 
CORROSION CURRENT VS TIME 
t 
0 20 40 60 80 100 
Time (weeks) 
100 
0 
a 
-100 
V) 
/-, %-200 
E 
-300 
0 
u 
Lij 
-400 
Bar A 
E) 
Bar B 
Ei . 
Bar C 
A 
-500 
-600 L 0 20 40 60 80 
Time (weeks) 
CORROSION CURRENT VS TIME 
100 
30 
10 
3 
0 0.3 - 
0.1 - 
0.03 
0.0 1 
0 
Figure 6.25 SILICATE MODIFIED MORTAR 
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Figure 6.26 SILICATE MODIFIED MORTAR 
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Figure 6.27 SILICATE MODIFIED MORTAR 
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Figure 6.28 FLOWING CONCRETE 
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Figure 6.29 METHYL METHACRYLATE MORTAR 
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Figure 6.30 METHYL METHACRYLATE MORTAR 
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Figure 6.31 PFA/OPC CONCRETE 
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Figure 6.32 PFA/OPC CONCRETE 
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Figure 6.33 PFA/OPC CONCRETE 
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Figure 6.34 GGBFS/OPC CONCRETE 
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Figure 6.35 GGBFS/OPC CONCRETE 
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Figure 6.36 MICROSILICA/OPC CONCRETE 
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7.1 Introduction 
This chapter examines in more detail the results from 
the single material specimens with particular atten- 
tion to the chloride penetration results and cor- 
rosion rate behaviour of the embedded steel. Results 
are also presented from further investigations into 
the different corrosion behaviour using both physical 
examination and X-ray Photon Spectroscopy. 
7.2 Chloride Penetration 
For those materials which suffered from corrosion of 
embedded steel the chloride concentration at given 
depths vs time plots have been constructed, Figures 
7.1 to 7.6 and best-fit curves plotted by hand. From 
these curves the concentration of chloride at the 
time of initiation can be interpolated for the rel- 
evant depth of cover. Table 6.2 summarises these 
values. The results for chloride concentration at 
initiation of corrosion suggest that a wide range of 
chloride levels were tolerable prior to initiation of 
corrosion. When considering these results several 
points should be borne in mind. 
The dust samples were not extracted from the 
rodded specimens, for reasons of practicability 
and therefore it may be unreasonable to expect the 
chloride levels to reflect exactly the conditions 
at the reinforcement. 
The time to corrosion'data for the two rodded 
specimens for each of the materials showed some 
disparity, this suggests that the critical level 
186 
of chloride was attained at different times in 
different specimens and indeed at different bars 
in the same specimen. 
Work by Page [7.1] has suggested that the passivity 
of steel in concrete is provided by the presence of a 
portlandite layer at the steel/concrete interface. 
This layer provides a buffer of alkali local'to the 
steel surface. However, due to the lack of homogene- 
ity of concrete the thickness of this layer will vary 
with the result being a variation in chloride 
concentration required to initiate pitting along the 
length of the bar surface. Therefore it is very 
difficult to determine exactly the concentration of 
chloride at which the initiation of corrosion begins. 
The data shows that generally the lower limit of 
chloride sufficient to initiate corrosion was 
approximately 0.25%. The data did not demonstrate any 
clear relationship between cement content and criti- 
cal chloride concentration at initiation of cor- 
rosion. It is suggested that this was mainly due to 
the small number of results and the scatter of these 
results (time to initiation of corrosion). some 
explanation of the scatter has been given above. For 
the sand/cement mortar however, the critical chloride 
concentration was estimated to be 0.5% for both of 
the specimens. This may be as a result of the more 
homogeneous nature of this material resulting in a 
uniform steel mortar interface and chloride penetra- 
tion front. 
The lower figure of 0.25%/weight of cement is shown 
by all of the materials, with the exception of the 
sand/cement mortar, and at all depths of cover. This 
is significantly lower than the threshold of 
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0 0.4%/weight of cement commonly accepted as the level 
beyond which corrosion of embedded steel becomes 
likely. It should be noted that this threshold level 
was obtained from concrete in which the chloride was 
admixed to the fresh concrete [7.2]. It has been 
shown by other workers that the critical chloride 
concentration is related to the source of the chlor- 
ide, admixed chlorides result in higher thresholds 
while chlorides penetrating from external sources may 
result in lower thresholds, as low as 0.2%/weight of 
cement [7.3). 
It has been suggested by Hausmann [7-4] that the fac- 
tor controlling initiation of corrosion is not the 
critical chloride level alone, but the ratio between 
chloride and hydroxyl ions. Hausmann found that a 
value of 0.6 for Cl-/OH- seemed to represent the 
threshold, below 0.6 corrosion did not take place, 
above 0.6 the probability of corrosion increased sig- 
nificantly. 
Benjamin and Sykes [7.6) showed that the temperature 
of the exposure environment has an effect on the 
critical chloride level. Their work showed that an 
increase in temperature results in a lower pitting 
potential, an increase in free chloride as bound 
chloride comes into solution, increased metal ion 
dissolution and increased ionic diffusion rates. All 
these factors have the effect of increasing the risk 
and rate of corrosion. The temperature effect on the 
specimens in this study is thought to be minimal as 
the work was carried out indoors at a temperature of 
200C ±50C. 
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Page and Lambert (7.7] found that at ambient tempera- 
tures significant corrosion rates were observed at 
Cl-/OH- ratios of 3.0. They did not conclude that 
this was a critical value as corrosion was also 
observed at lower ratios and passivity at higher 
ratios. 
Analysis of the shape of the chloride penetration 
curves suggests that pure diffusion, governed by 
Ficks law, was not the process by which the chlorides 
penetrated the concrete. The plots for the lomm. cover 
depth in particular displayed a rapid accumulation of 
chloride during the early stages followed by a more 
gradual increase in concentration later. Comparison 
of the experimentally obtained chloride penetration 
curves with Figure 7.7, a series of curves con- 
structed from theory, shows that the experimental 
data was not governed by Ficks law over the early 
stages. This suggests that more than one mechanism is 
controlling the penetration of chloride. Capillary 
absorption is thought to have an influence on the 
early age penetration of chlorides [7.8,7.9). This 
is supported by the experimental data on capillary 
absorption in this study, reported in chapter 4, Fig- 
ures 4.5 (a) - (f ). 
These data, obtained from 20mm slices, showed that 
for those materials which suffered corrosion of 
embedded steel, approximately 80% of the absorption 
occurred within 24 hours of exposure to the solution. 
This type of behaviour would result in the near sur- 
face portion of the specimens being subjected to high 
levels of chloride very rapidly. However, under this 
exposure cycle, the specimens had a drying period of 
seven days. The capillary absorption specimens were 
conditioned in an environment of 55%RH for several 
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weeks until they achieved a constant weight. There- 
fore, although capillary absorption was the dominant 
factor controlling chloride penetration it is 
unlikely that the magnitude of absorption was as 
great as that seen during the capillary absorption 
test. 
To monitor the movement of ponding solution during 
the monitoring period a small number of specimens 
were weighed daily during the drying part of the 
cycle. The results are shown in Figure 7.8. The data 
shows that generally there was only a slight increase 
in the weight of the specimens after the first pond- 
ing cycle. After this time the nett weight of the 
specimens remained fairly constant. This initial 
increase in weight suggests that the moisture content 
of the specimens reached a steady state condition 
where the amount of water lost during the drying 
period was compensated by the water uptake during the 
wet period. 
7.3 Destructive Examination 
7.3.1 Visual InaRection 
Following the breaking open of the specimens and 
chemical cleaning of the bars, a number of bars were 
examined under an optical microscope. Several obser- 
vations were made from the examination. 
Qualitative analysis of the severity of the corrosion 
found on the bars from the moderate quality OPC con- 
crete agreed with that suggested by the electrochemi- 
cal monitoring techniques. The 10mm cover bars were 
not as heavily corroded as the bars with 25 and 40mm, 
of cover. This is illustrated by Figures 7.9 to 7.11 
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which show the 10,25 and 40mm cover bars respect- 
ively, at the same magnification. On closer inspec- 
tion of the 10mm cover bar, Figure 7.9, it could be 
seen that there was corrosion product adhering to the 
edge of the corrosion pit. At greater magnification, 
Figure 7.12 this partial cap became more visible 
along the right hand side of the pit. Examination of 
other areas on the same bar revealed a clearer indi- 
cation that corrosion product formed a cap over the 
anodic site, Figure 7.13. A 10mm cover bar from the 
10mm aggregate OPC concrete was also examined. Figure 
7.14 shows a general view of the top surface of the 
bar showing two larger pits surrounded by a number of 
much smaller pits only fractions of a millimetre in 
diameter. Figures 7.15 and 7.16 show more magnified 
views of the two pits. It can clearly be seen in both 
cases that corrosion product had formed a cap like 
structure over the anodic area. considering the 
vigourous scrubbing that the bars were subjected to 
it is likely that the cap of corrosion product was 
partially removed. In one of the cases on this bar 
the photograph suggests that the corrosion may have 
continued around the cap of corrosion product. These 
observations give support to the hypothesis that the 
long term repassivation effect noted in section 6.3 
was due to the formation of a layer of low permeabil- 
ity corrosion product over the anodic sites. 
Figures 7.9 and 7.10 illustrate the re-entrant nature 
of the pitting formation, i. e. the sides of the pit 
were undercut. It would also appear that the pit 
depth was limited by the preferred propagation along 
the length of the bar. This is especially clear in 
Figure 7.10 where the base of the pit has a uniform 
profile concentric to that of the bar surface. 
I 
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Figures 7.17 and 7.18 demonstrate the physical orien- 
tation effect of pitting. The middle of both of these 
photographs shows the demarcation between the top and 
bottom surfaces of the bar. It can be seen that the 
incidence of pitting was remarkably reduced on the 
lower half of the bar. It is suggested that this is 
because the chlorides would reach the top surface of 
the bar first. The initiation of corrosion on the top 
may then have had a cathodic protection influence on 
the rest of the bar surface. Additionally, there may 
have been some shadowing effect from the bar such 
that the chlorides tend to penetrate in one direction 
only instead of permeating around the back of the 
bar. one other possibility is that the casting orien- 
tation of the specimens resulted in a zone of more 
permeable matrix at the top of the bar than at the 
bottom. This may appear at first to be contrary to 
expectation in that the more permeable concrete is 
more usuallly found beneath bars. However, these 
specimens were cast 'upside down' such that the bot- 
tom face becomes the ponding surface. 
It was also noted that some pits were located at or 
very close to surface defects in the metal surface. 
This is shown by Figures 7.19 and 7.20. This tendency 
suggests that the pits formed preferentially at-loca- 
tions such as surface defects where the passive film 
was more likely to be breaking down and reforming due 
to the surface irregularities. Leek and Poole (7.10] 
found that the breakdown of passivity by chloride 
ions is achieved by dissolution of the portlandite 
layer followed by destabilisation of the passive 
oxide film substrate bond. The action at this stage 
is physical rather than chemical supporting the 
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assertion that pit initiation is more likely to occur 
at imperfections in the steel surface than on plane 
surfaces. 
Figures 7.21 and 7.22 give the results of the XPS 
analysis of the 10mm and 25mm cover bars removed from 
specimen 2 of the moderate opc concrete mix. compari- 
son of the Fe3+ peaks, Figures 7.21(b) and 7.22(b), 
on the two plots shows a marked difference. 
For the lomm cover bar the Fe3+ peak has a smaller 
peak, associated with Fe2+, superimposed on the 
ascendant arm of the plot. This form of plot is char- 
acteristic of the presence of magnetite (Fe304), the 
black corrosion product observed on the bar surface 
after breaking open the specimen. 
For the 25mm cover bar, Figure 7.22, the Fe3+ has a 
very smooth ascendant arm with no signs of an Fe2+ 
peak. This is associated with the formation of 
' 
fer- 
I rýCl, hydroxides which would hydrate to form the 
red/brown corrosion products observed on the 25 and 
40mm cover bars as they were removed from the speci- 
mens. 
The data from the XPS analysis confirmed that two 
different corrosion products were formed, magnetite 
on the lomm cover bars and hydrated f err.,, c-,, oxides on 
the 25 and 40mm bars. 
Data from the bars with 10mm cover in the moderate, 
good and lomm aggregate OPC concretes suggested that 
these bars had an ability to repassivate. This phenom- 
enon was initially surprising, especially when the con- 
centration of chloride at the lomm cover depth, Figures 
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7.1 to 7.6. is taken into consideration. A review of 
the literature revealed that other workers have 
observed similar effects (7.11,7.12]. However, neither 
of these references offers an explanation of this 
repassivation behaviour. 
Two possible explanations for the repassivation effect 
observed in this study have been proposed. 
The wet/dry cycle to which the specimens were sub- 
jected caused the lomm cover bars to be in a perma- 
nently saturated concrete. This saturation led to a 
depletion of oxygen, i. e. the oxygen was consumed 
by the cathodic reaction at a faster rate than it 
could diffuse through the pore solution, to the 
steel surface. This lack of oxygen would have the 
effect of polarizing the cathodic reaction until it 
fell below the pitting potential, thus allowing the 
steel to repassivate. The bars at 25 and 40mm cover 
had unrestricted access to oxygen which was able to 
diffuse through the concrete from the unsealed 
underside of the concrete specimen. 
The wet/dry ponding cycle was such that the 10mm. 
cover bars spent periods of time in very dry con- 
crete. Because of the lack of pore solution local 
to the bar surface iron ions liberated by corrosion 
of the reinforcement oxidised to form Fe304 very 
close to the surface of the steel. A dense, 
tightly adhering layer was formed over the anodic 
sites restricting access to further anions and thus 
reducing the corrosion rate. 
Supporting the first explanation, Cavalier and Vassie 
(7.13] found that in concrete with a high moisture con- 
tent (i. e. where the steel is in concrete saturated 
with water) the most prevalent corrosion product is 
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magnetite (Fe304)- In this study, magnetite was identi- 
fied as the corrosion product on the 10mm cover bars by 
the XPS analysis. 
In support of the second hypothesis, examination of the 
surface of the bars under a microscope revealed 'caps' 
of corrosion product over the pits, Figure 7.12. Addi- 
tionally, the repassivation effect was seen more than 
once on individual bars. It would be expected that if 
the concrete surrounding the steel became saturated, 
and therefore increasingly depleted in oxygen, then the 
potential measured would move gradually to more nega- 
tive values while the corrosion current values measured 
would be expected to decrease slowly. To examine 
further the effects of moisture levels on the repassi- 
vation effect weight data was obtained during the 
wet/dry cycle, the results are shown in Figure 7.8. 
From the results it would seem that the repassivation 
effect was controlled by the moisture condition of the 
concrete at the steel/concrete interface and the subse- 
quent availability of oxygen, necessary for the cath- 
odic reaction. Tuutti [7.14] performed a number of 
experiments to examine the effect on the oxygen 
diffusion coefficient of a varied relative humidity for 
a range of concretes. The results are shown in Figure 
7.23. It can be seen from these results that moving 
from a relative humidity in the concrete of 100% to 80% 
has the effect of increasing the oxygen diffusion 
coefficient by between 2 and 100 times, depending on 
the mix type and curing condition. 
In the same study Tuutti looked at the effect of cover 
thickness on oxygen diffusion, Figure 7.24. These 
results show that although cover has a marked influence 
on oxygen diffusion it is not as significant as that of 
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moisture content. This suggests that in this study any 
effect dependent on oxygen availability is more likely 
to be linked to moisture content than depth of cover. 
Material Slope (mv/de- 
cade) 
Good quality, OPC con- 
crete 
185 
Moderate quality OPC 
concrete 
180 
10mm aggregate OPC 
concrete 
230 
Sand/cement. mortar 200 
GGBFS/OPC concrete - 
PFA/OPC concrete 228 
Silicate-modified 
mortar 
280 
Table 7.2 Values for the slope of a best fit line for 
the Ecorr vs 109 icorr graphs for those materials which 
showed signs of corrosion. 
By plotting potential against corrosion rate and measuring 
the slope of the best fit line, it is possible to identify 
the reactions controlling the rate of corrosion. Results 
from the materials which showed signs of corrosion have 
been plotted and the gradients of the slopes measured are 
presented in Table 7.2. The results show that there was a 
large range of slope gradients for the different 
ma 
' 
terials. It would appear therefore, that the assumed 
value for the Tafel constant was, in some cases, 
inappropriate. However, the plots were collated from 
three electrodes at three different depths of cover in two 
specimens. Earlier analysis of the results has shown 
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that there were large differences in, performance both 
between specimens of the same material, between differ- 
ent depths of cover and between different electrodes at 
the same depth of cover. 
Therefore, the Ecorr vs 109 icorr plots have been 
replotted with data from one depth of cover in one 
specimen forming a single plot. The different elec- 
trodes at each depth of cover are represented by dif- 
ferent symbols in the plot so that their influence can 
be seen, Figures 7.25 to 7.29. The plots show that the 
depth of cover had a large influence on the slope. The 
data from the 25mm and 40mm cover depths had similar 
slopes, the lomm cover depth was far steeper. This 
suggests that different factors controlled the rate of 
corrosion at the lomm cover depth compared to the 25 
and 40mm depth. The difference in performance suggested 
by the slope was reinforced by the difference in magni- 
tude of the corrosion current at the 10mm and 40mm 
cover depths, icorr being almost 10 times greater at 
40mm than at lomm cover (results from the moderate OPC 
concrete show corrosion currents between 1 and 10mA/M2 
while 40mm cover bars in the same specimen, had cor- 
rosion rates between 10 and 30mA/m2). Additionally the 
value of icorr appeared to reach a limiting value of 
approximately 10mA/M2 on the 10mm cover bars. 
These differences in performance can be examined using 
an Evans Diagram of the type shown in Figure 7.30. At 
position 1 the electrode is in a passive state and 
correspondingly noble values of Ecorr and low values of 
icorr are recorded. However, as the anodic reaction is 
increasingly polarised, by the increase in the chloride 
ion concentration at the electrode, the point of inter- 
section of the anodic and cathodic polarisation curves 
moves from point 1 through points 2 and 3 to point 4. 
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The value of Ecorr has become more negative and the 
magnitude of the corrosion current has'increased. This 
is the type of behaviour seen on the electrodes with 25 
and 40mm of cover. The slope values, as shown by Fig- 
ures 7.28 and 7.29, were 131ýand 146 mV/decade for the 
25 and 40mm covers respectively, very close to the 
assumed value of 120mV/decade. Therefore it can be con- 
cluded that at the 25 and 40 mm cover depths the cor- 
rosion of the electrodes was under anodic control. 
For the lomm cover bars the Evans Diagram is slightly 
different, Figure 7.31. The initial position, when the 
bars are in a passive state is similar. When the inter- 
section point moves away from point 1 through points 2 
and 3 to point 4 the value of Ecorr becomes more 
negative but the accompanying increase in corrosion 
current is not as large as for the 25 and 40mm bars. 
Therefore a steeper slope is seen and the control 
changes from anodic to mixed control at point 4. The 
steeper slope suggests that the cathodic reaction has 
been polarised. The most probable cause of this polari- 
sation is lack of cathodic reactant, oxygen. This 
observation is of great interest as it lends support to 
the explanation for the repassivation behaviour of the 
10mm cover bars, that the bars are in a saturated envi- 
ronment with a rate limiting supply of oxygen. 
Two types of repassivation behaviour were observed, the 
first was characterised by fairly rapid changes in 
value of Ecorr (to more noble values) and icorr 
(smaller), the second by a much slower change in values 
of Ecorr and icorr over long periods of time. The'first 
type of repassivation has been explained by the expo- 
sure environment of the bar and subsequent depletion of 
cathodic reactant. It would be contradictory to explain 
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the long term repassivation effect using the same argu- 
ment. This would infer that there had been a change, 
either in the bar exposure environment, or a rate 
change in the diffusion of oxygen from the atmosphere 
to the bar. There is no evidence to support either of 
these arguments. It was noted, during the microscopic 
examination of the bars, that corrosion products had 
formed cap, structures over the, larger anodic areas on 
the 10mm cover bars. The XPS analysis of the corrosion 
products showed that the corrosioh product at the lomm 
depth was predominantly magnetite. This is more dense 
than the corrosion products found at the 25 and 40mm 
bars and was observed to be tightly adherent to the 
surface of the bars. It is possible that the formation 
of this product progressively prevented access of 
anions to the anodic regions, the degree of prevention 
would increase with the increase in thickness of the 
corrosion product layer. Therefore, it is proposed that 
the long term repassivation behaviour is caused by the 
gradual exclusion of chloride ions from the corrosion 
site by the formation of a cap of corrosion product 
over the corrosion site. 
It can be concluded that the corrosion rates of the 
bars at different depths of cover were controlled by 
different mechanisms. 
At the 10mm cover the rate of corrosion was under 
mixed control due to two factors, the diffusion 
rate of oxygen through the saturated zone and the 
formation of magnetite as the predominant corrosion 
product (as a result of the exposure environment) 
restricting access of anions to the surface of the 
steel. 
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At the 25 and 40mm covers the rate of corrosion was 
under anodic control. 
This demonstrates the importance of the environment at 
the steel concrete interface. The rate of corrosion is 
controlled by conditions local to the steel, not by 
conditions in the bulk of the concrete. At the lomm, 
cover depth the concentration of chloride ions was 
higher than at deeper depths of cover but there was not 
sufficient oxygen for the rate to be under anodic con- 
trol. The lack of oxygen promoted the formation of 
magnetite which further reduced the rate of corrosion. 
It should be emphasised that these results are specific 
to the experimental arrangement used in this study. In 
practice the corrosion of steel in concrete will almost 
certainly not be reduced at lower, depths of cover. This 
is because the exposure conditions will be different 
and therefore the steel will be in an environment more 
likely to support corrosion under anodic control. The 
most important of these differences are the exposure 
(concrete in practice is not regularly wetted for seven 
days and dried for seven days) and geometry of the 
element, allowing formation of macro-cells and differ- 
ent drying rates. 
The design of. the experiment produced results in 
the form of, time to initiation of corrosion and 
active corrosion rates for eight out of the four- 
teen materials under test at the 10mm depth of 
cover, two materials at the 25mm depth of cover and 
one material at the 40mm depth of cover. No cor- 
rosion occurred in water ponded specimens. The 
minimum monitoring period was 18 months the maximum 
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was 30 months. As, a result the comparative perform- 
ance of eight materials has been established for 
10mm cover bars. The remaining six materials and 
cover depths have a performance at least equal to 
the eight materials which showed signs of cor- 
rosion. Modifications could be made to this experi- 
ment which would enable results to be generated 
faster. The wet/dry ponding cycle should be changed 
to give a bigger ratio of dry to wet, perhaps 1 day 
wet to every 6 dry. The temperature at which the 
experiment is carried out could be increased to 
400C and the relative humidity of the drying period 
controlled at a level below the 50% usually 
encountered in laboratories. 
Initiation, of corrosion has resulted in three f orms 
of behaviour. 
i) Short-term repassivation. 
ii)Long-term repassivation. 
iii)Constantly increasing rate of corrosion. 
3. Behaviour types (i) and (ii) were seen mainly on 
bars at lomm cover and to a lesser extent on bars 
at 25mm cover. This type of behaviour was not 
material specific. 
Investigation into the difference in performance 
between 10mm cover bars and bars at greater depths 
of cover revealed; 
Different corrosion products at different depths of 
cover, magnetite at 10mm and hydrated ferrItc oxide 
at 25mm depth. 
ii)Greater metal loss, from visual examination, gravi- 
metric analysis and corrosion rate calculation, at 
25 and 40mm cover than at 10mm cover. 
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iii)Caps of corrosion product over anodic sites on lomm 
cover bars, open pits on 25 and 40mm cover bars. 
5. Different Ecorr versus 109 icorr relationships at 
10mm cover compared to those at 25 and 40mm, cover. 
6. It is suggested that the 10mm cover bars were in an 
environment significantly different to the 25 and 
40mm cover bars. Examination of the data and that 
of previous workers has suggested that the 10mm. 
cover bars were in a saturated zone of concrete for 
long periods during the experiment. The degree of 
saturation resulted in the rate of corrosion at the 
lomm cover depth being limited by the rate of oxy- 
gen diffusion through the pore solution. This was 
the cause of the short-term repassivation effect. 
The saturated, oxygen depleted environment resulted 
in the formation of magnetite close to the surface 
of the anodic site. This magnetite formed progress- 
ively thicker caps over the anodic sites restrict- 
ing access of further anions to the pit and was 
probably the cause of the long-term repassivation 
effect. 
7. The ef f ect of increasing chloride concentration at 
the lomm level was demonstrated by the trend to 
more negative values of the Ecorr versus time plots 
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Figure 7.9 lomm cover bar showing a pit and partial 
'cap' of corrosion product. 
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Figure 7.10 25mm cover bar, at the same magnification 
as above, showing more extensive, re-entrant pitting 
and no 'cap'. 
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Figure 7.11 40mm cover bar showing large pit and re-en- 
trant pit sides. 
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Figure 7.12 10mm cover bar showing partial 'cap' of 
corrosion product at right hand side of pit. 
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Figure 7.13 Another example of corrosion product which 
has formed over a corrosion site (corrosion product is 
in the top left hand corner). 
A I'I 
0 
Figure 7.14 A 10mm cover bar from the lomm concrete 
showing small pits with 'caps' of corrosion product 
(centre of photograph). 
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Figure 7.15 A close up of the left pit shown in Figure 
7.14. Note the cap of corrosion product in the centre 
of the corrosion site with undercutting of the steel at 
the edges. 
Figure 7.16 Close up of the right pit in Figure 7.14 
showing a partial 'cap' of corrosion product. 
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Figure 7.17 Side elevation of a bar showing the effect 
of orientation on pit formation, i. e. more pitting 
occurred on the top of the bar than on the bottom. 
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Figure 7.18 Close up of Figure 7.17 showing the clear 
demarcation between the top and bottom halves of the 
bar. 
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Figure 7.19 Pit formation at a surface defect in a bar. 
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Figure 7.20 Another example of pit formation at surface 
defects in the bar surface. 
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Figure 7.23 Effective diffusion coefficient for 02'for 
Portland Cement and slag cement concretes. Temperature 
200C, specimen age 6-12 months (7.14]. 
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Figure 7.24 Measured effective diffusion coefficient 
for 02 as a function of the thickness of the specimen. 
Specimens made from Portland Cement, 12 months old at 
200C and 50%RH [7.14). 
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Figure 7.25 Ecorr vs log icorr 
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Figure 7.28 Ecorr vs log icorr 
Moderate OPC concrete, specimen 1,25mm cover 
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Moderate OPC concrete, specimen 1,40mm cover 
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The work detailed in the previous three chapters on 
single material specimens has investigated the perform- 
ance of materials at preventing corrosion of embedded 
steel. However, when materials are employed in a repair 
situation there must be a joint between the repair 
material and the parent concrete. It seems likely that 
this interface between the two materials could be a 
weak spot. The purpose of the work detailed in the next 
two chapters is to investigate the performance of com- 
posite specimens with particular reference to the abil- 
ity of the interface zone to resist penetration of 
chloride ions. 
Two different types of specimen have been designed for 
use in this section: 
(i) Cast-in spall; 
This is a reinforced concrete slab with three exter- 
nally connected steel bars embedded in it. The central 
bar has a void cast around it. The void is repaired 
using repair materials selected from those tested in 
the single materials section. The specimens are moni- 
tored by half-cell potential mapping for the initiation 
of corrosion and for current flow between the bars 
using a zero-resistance ammeter (ZRA). 
(ii) Half and half specimen; 
These specimens are similar to the unrodded specimens 
from thp single material tests. The first half of the 
specimen is cast from parent concrete and cured, the 
interface is prepared and the second half is cast 
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against it out of selected repair materials. The speci- 
mens are used to obtain dust samples for chloride 
analysis. 
8.2 BRecimen Manufacture 
The specimen is illustrated in Figures 8.1. It con- 
sists of a concrete slab with three embedded 16mm 
diameter ribbed reinforcing bars. The bars are 
connected externally to simulate the electrical 
continuity normally found in reinforced concrete. The 
aim of these specimens is to simulate an area of 
reinforced concrete which has been repaired and 
subsequently exposed to chloride contaminated water. 
Six materials have been selected from those tested in 
the single material section of the work for use in 
this section: I 
Lightweight epoxy resin mortar 
SBR mortar 
Acrylic mortar 
GGBFS concrete 
lomm concrete 
Flowing concrete 
To assess the importance that variation in quality of 
substrate concrete has on the performance of a repair 
material, two parent concretes of different quality 
were used. The two reference OPC concretes described 
in chapter 5 were selected because their individual 
performance was already known. The mix proportions 
for the two OPC mixes are described in Chapter 5. 
Dual specimens, giving a total of four specimens per 
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repair material, of each type of parent concrete were 
monitored so that variations in the performance of 
repair materials could be assessed. 
8.2.1.1 Bar Preparation 
The embedded steel bars are 16mm, diameter ribbed 
mild steel reinforcing bar (supplied by Hyten, 
Staines Middx). The bars were cut to length and 
gritblasted to remove mill-scale and surface rust. 
A protective coating was applied to the ends of the 
bars by dipping them into an SBR: water: cement 
(1: 1: 4) slurry. This first coat was left to dry 
overnight in laboratory air, a second coat was 
applied in a similar fashion and then topped by 
dipping in epoxy resin. The extent of the coating 
was limited by adhesive tape. 
The coating serves two purposes: 
(i) It prevents preferential corrosion of the bar 
ends which protrude from the specimen. 
(ii) It ensures that the same area is available for 
corrosion on each bar. 
The specimens are cast ponding face downwards in 
wooden moulds, see Figure 8.2. This ensures that 
the ponding lip is an integral part of the specimen 
and that the ponding surface is of a consistent 
quality. Standard batching and mixing procedures 
were adopted. The oven-dried aggregates were. 
batched by weight and soaked in the total added 
water for a period of around twenty-four hours. The 
concrete was mixed in a flat pan Zyklos mixer. 
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Consistency of the two parent concretes was 
assessed by slump tests. These were checked against 
the slump measurements obtained for the same two 
mixes in the single material work. 
The moulds were filled in two layers, each layer 
being vibrated for approximately one minute. Care 
had to be taken with the polystyrene void formers, 
used to create the central Ispall', as they tended 
to float during the vibration of the concrete. The 
problem was solved by securing the void formers to 
the base of the mould with tie wire. The free sur- 
face of the specimen was finished with a steel 
float, covered with damp cloth and polythene and 
left overnight. Moulds were then stripped, speci- 
mens labelled and bar ends greased, to prevent 
rusting. specimens were cured until seven days old 
in a curing chamber (RH 100%; 250C). The slabs were 
then stored in laboratory air until 28 days old. 
s. 2.1.3 Surface Preparation 
The surface of the cast-in spall was prepared for 
repair by high pressure water Jetting when the 
specimens were between 21 and 28 days old. The 
water jetting was carried out by Aquajet (UK) Ltd 
at their premises in Southall, Middlesex. 
This method of surface preparation was selected for 
two reasons: 
(i) It is the surface preparation technique speci- 
fied in BD27/86 [8.1] 
(ii)It creates a surface with an excellent mechan- 
ical key with less risk of physical damage to 
the substrate than alternative methods, such 
as pneumatic hammers. 
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Figures 8.3 and 8.4 show the equipment used in the 
water jetting process, Figures 8.5 and 8.6 show the 
specimens being worked on and the type of finish 
achieved by this technique. The equipment used by 
Aquajet works on a different principle to that used 
by other water jetting contractors in the UK.., 
Because of this, much higher pressures are attain- 
able (35,000 psi was used for the composite speci- 
mens, 70,000 psi is the maximum working pressure) 
than the 12,000-20,000 psi normally encountered. 
The increase in pressure has several benefits, 
removal rates are increased, water penetrates 
further into the substrate (reducing the risk of 
shrinkage of subsequent repairs) and the water jet 
atomises a short distance from the nozzle making it 
safer to work with. 
Repair materials were cast into the spalled areas 
when the specimens were 28 days old. Prior to 
repair the length of bar exposed by the simulated 
spall was grit-blasted to remove any corrosion 
products which had built up in the period since 
casting. The spall was ponded for a period not less 
than three hours before the repair material was 
applied. This was to ensure that the substrate did 
not aggravate shrinkage of the repair material by 
absorbing water from it. Prior to placing the 
repair materials the spall was drained and any sur- 
plus water removed such that the surface of the 
substrate concrete was surface dry. The six 
materials were applied as follows: 
SBR and Acrylic Mortars 
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Both of these materials were supplied as a system, 
i. e. no extra aggregate, water, or primer was 
required. The powder fraction and polymer emulsion 
were prebatched in the correct ratio and only 
required mixing in a Cretangle type flat pan mixer. 
The bond coat had two components, a cement based 
powder, and-a polymer emulsion, mixed by hand using 
a broad blade palette knife. The materials were 
placed following the manufacturers instructions: 
(i) The substrate was damped down, as previously 
described. 
(ii)The surface of the spall was primed with the 
bond coat supplied whilst still surface damp. 
(iii)The repair mortar was mixed in a flat. pan 
mixer and placed in the spall in two layers, 
each compacted by hand with square ended tamp- 
ing bars. A steel float was used to give a 
good surface finish. 
Lightweight Epoxy Resin Mortar 
Suppliers instructions for this material stated 
that the substrate should be dry before the 
material was applied. No ponding of the spall was 
carried out. The material was supplied a two compo- 
nent bond coat and applied as follows: 
(i) The two components of the primer/bond coat 
were mixed then applied to the substrate in a 
thin continuous film using a stiff brush. 
(ii)The primer was left until tacky, this usually 
took about one hour. 
(iii)The two component epoxy resin was mixed in a 
flat pan mixer until homogeneous, the filler 
added and mixed for a further two minutes. 
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(iv)The mortar was placed in the spall in two 
layers and compacted by hand using square 
ended tamping bars. A steel float was used to 
give a good finish. 
Flowing Concrete 
No bond coat was supplied with this material. It 
was decided to use a cement slurry bond coat as 
this might be expected in practice. 
(i)The substrate was wetted as explained previ- 
ously. ý 
(ii)A neat cement slurry was applied to the sub- 
strate. 
(iii)The material was mixed in a flat pan mixer and 
allowed to de-aerate for 2-3 minutes before 
being poured into the spall. A steel float was 
used to give a good finish. 
GGBFS & 10mm Aggregate Concrete 
These two materials were laboratory mixes and 
therefore had no supplied bond coat. No bond coats 
were used with these materials as it was antici- 
pated that their primary area of use would be in 
large volume repairs where the use of formwork 
could prevent the application of a bond coat. 
Batching, mixing and consistency tests were carried 
out as detailed in section 5.2.3. As with other 
cementitious materials, the spall was ponded before 
repair. The materials were placed in two layers, 
compacted by hand and surfaces finished with a 
steel float. 
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All materials, apart from the lightweight epoxy 
resin mortar, were then cured for a period of seven 
days (100% RHI 25 C). After the seven day curing 
period the specimens were stored in laboratory air 
until 28 days old. 
The half and half specimen was designed so that the 
penetration of chloride ions into the zone surround- 
ing the interface between parent concrete and repair 
material could be assessed. The data obtained from 
these specimens is intended to complement that gained 
from the reinforced composite specimens. Therefore 
the six materials tested in that section are also 
tested here. For each repair-material there are two 
specimens, one with the 'good' OPC concrete as par- 
ent, the second with 'moderate' OPC concrete. 
Parent Concrete 
The specimens were cast in wooden moulds, dividers 
were incorporated into the moulds to split the 
specimens into two halves. Standard batching and 
mixing procedures were followed and slump measure- 
ments taken as a'check for consistency between 
mixes. The moulds were filled in two layers, Each 
vibrated for a period of two minutes. The moulds 
were then covered with damp cloth and polythener 
left for 24 hours then stripped, marked and placed 
in the curing room until 7 days old. At 7 days the 
specimens were removed from the curing room and 
stored in laboratory air until 28 days old. During 
this storage period the surface of the specimen was 
water jetted using the technique described in sec- 
tion 8.2.1.3. 
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Repair Materials I 
At 28 days the half specimen of parent concrete had 
the half specimen of repair material cast onto it. 
As with the reinforced composite specimens the sur- 
face was wetted before casting by standing them in 
a few millimetres of water for at least three 
hours. This was not done for the light weight epoxy 
mortar as water is deleterious to the, bond. Mixing 
and casting procedures were as detailed inzection 
8.2.1.5.. 
All materials,, except for the light weight epoxy 
resin mortar, were cured for 7 days then stored in 
laboratory. air until 28 days old when monitoring 
began. During, this period, the sides of the specimen 
were coated with an epoxy resin to prevent-evapor- 
ation of the ponding solution through the sides. 
Both types of composite specimen were ponded with 5% 
sodium chloride solution using a one week wet / one 
week dry ponding cycle. At the start of the monitoring 
period the specimens were ponded with water for 48 
hours. 
The reinforced specimens were monitored for half-cell 
potential at the end of every wet week. It was 
intended that the location of corrosion cells would 
be identified from the potential contours. Howevere 
preliminary results indicated that this was not POSs- 
ible. Therefore it was decided to measure half-cell 
potentials along the length of each bar with the bars 
temporarily disconnected. A period of time, usually a 
few minutes, elapsed between disconnection and taking 
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the readings toLallow the bars to attain a steady 
rest potential. In addition some measurements were 
made with the bars connected and these are given for 
comparison. 
Rest potential measurements were obtained at pre-det- 
ermined locations along the line'of each reinforcing 
bar. The spacing between the points was chosen so 
that readings were taken from three areas,, the parent 
concrete, the repair material and the interface 
between the two. 
If macrocell corrosion is taking place within a 
specimen then current will flow between the bars 
through the external connections. To measure any cur- 
rent flow a zero resistance ammeter (ZRA-1, supplied 
by Thompson Electrochem) was connected across the 
ends of a pair of bars, see Figure 8.7. Initially 
current flow was measured only between adjacent bars 
in each specimen ( A-B and B-C ) with the third bar 
disconnected. Latterly, current measurements were 
also made with all three bars connected. 
I 
Dust samples were drilled from the half and half 
specimens at 3,6'and 12 months so that chloride ion 
penetration profiles could be determined. Samples 
were extracted by drilling vertically into the pond- 
ing face of the specimens. Dust was collected from 
0-10,10-25 and 25-40mm. depths and at 20,40 and 60MM 
from the interface. This was to build up a three 
dimensional profile of chloride penetration. The 
arrangement of sample locations is shown in Figure 
8.8. 
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Once collected the dust samples were analysed for 
chloride content using a chloride ion selective elec- 
trode, a reference electrode and a pH/mV meter. The 
pH/mV meter was a CD360 (supplied by WPA, Cambridge), 
the Cl- selective electrode and the reference elec- 
trode were both supplied by Intersci, Cambridge. The 
pH meter may be regarded as a high impedance voltage 
source, the exact value of the impedance is deter- 
mined by the type of electrode used but is usually in 
the range 1OMohm - iGohm. According to the Nernst 
equation the voltage is proportional to the pH. The 
constant of proportionality, also called the slope 
constant, is a characteristic of the ion selecti- 
ve/reference electrode pair. The magnitude of the 
slope constant varies with temperature, but for a 
'Nernstian' electrode should be constant at constant 
temperature. 
Calibration curves were obtained on a daily basis 
before any analysis took place. Standard solutions of 
NaCl solution (0.1,0.01,0.001 and 0.0001M) were 
made and voltage readings from each were taken, rins- 
ing and drying the electrodes between solutions. The 
voltages were plotted against concentration on 
semi-logarithmic graph paper to produce a calibration 
curve, an example is given in Figure 8.9. 
once the daily calibration curve had been obtained 
the acid extraction technique, described in chapter 
5, was used to produce solutions from the drilled 
dust samples. These solutions were analysed for Cl- 
concentration. A calculation of the type shown in 
Appendix A was performed to convert the solution con- 
centration into a %Cl-/weight of cement. 
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8. lDepartment of Transport. 'The investigation and 
repair of concrete in highway structures. ' Depart- 
mental Advice Note BA 23/86, HMSOf 1986. 
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Figure 8.3 The lorry mounted water jetting unit. 
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Figure 8.4 Water jetting lance used for the surface 
preparation of the specimens. 
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Figure 8.5 Water jetting of the specimens in progress. 
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Figure 8.6 The surface finish achieved by water jett- 
ing. Note the degree of exposed aggregate. The sample 
in the foreground indicates the surface finish achieved 
with one pass of the lance. 
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9.1.1 introduction 
The results are presented. in a similar manner to 
the single. material specimens, rest potential,, 
Ecorri and galvanic current igalv are plotted 
against time for each of the specimens in each 
material. Time to initiation of corrosion is taken 
as the time from the start of the test to when the 
half-cell potential dropped to a value more nega- 
tive than -280 IV. This threshold value was 
selected as a result of the of the work described 
in chapters 5 and 6. Its usefulness and relevance 
to these specimens will be discussed. -The conven- 
tion chosen for, galvanic current flow is that cur- 
rent, flow from bar B to bars A and C is negative. 
The variety of results from different combinations 
of materials is such that a detailed description of 
each case was considered necessary in this section. 
However, the more general implications resulting 
from the considerable amount of data collected are 
addressed in section 9.4. , 
Figures 9.1 to 9.4 show the Ecorr and igalv versus 
time plots for the four specimens repaired with 
lightweight epoxy resin mortar. The results for 
moderate quality concrete specimen 1, Figure 
9.1(a), show that after 9 weeks all three of the 
bars had potentials associated with active cor- 
rosion. After this time the potentials of the bars 
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A and C, embedded. entirely in the substrate 
concrete, continued to more negative values, 
approximately 100 mV more negative than bar B. 
on moderate quality concrete specimen 2, Figure 
9.2(a)j bar B showed potentials associated with 
active corrosion after the first, ponding with 
chloride solution. After the second ponding period 
the potential for bar B had moved-to a more posi- 
tive value, similar to that of bar A while bar C 
had dropped to -400 mV. Bar B continued to show 
potentials around the -200 mV range until after 21 
weeks a sharp drop to -400 mV was seen. Bar A also 
showed potentials of approximately -280 mV until 21 
weeks of monitoring. After this time the potential 
of bar, A-, d,, eclined over'a 10 week period. until it 
reached a value of approximately -400 W. At the 
end of the exposure period the potential of 
' 
all 
three bars was the same, suggesting that the possi- 
bility of corrosion was similar on all three bars., 
For moderate quality concrete, specimen 1, Figure 
9.1(b), the galvanic current monitoring showed that 
the current flow was similar in both. magnitude and 
direction for both pairs of bars, from the central 
to the outer bars. The magnitude of the current 
appears to have been controlled by the difference 
in potential between the bars. For moderate quality 
concrete specimen 2, Figure 9.2(b), the general 
direction and magnitude of the galvanic current was 
also consistent with the half-cell potential data, 
ip, the galvanic current flowed from the bars with 
the more positive potential to the bar with the 
most negative potential. 
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on good quality concrete specimen 1, Figure 9.3(a), 
bar B showed the first initiation of corrosion 
after 5 weeks. This was followed by a return to a 
more positive value after 7 weeks and then back to 
more negative values after 9 weeks. This second 
drop in potential was reflected to some extent in 
bars A and C. The potential of bar A dropped grad- 
ually to values within 50 mV of bar B while bar C 
remained at values of around -300 mV for the 
remainder of the monitoring period. 
on good quality concrete specimen 2, Figure 9.4(a), 
the potential of bar B dropped to values associated 
with active corrosion after 3 weeks. The potential 
continued to fall more gradually to values of 
approximately -500 W by the end of the monitoring 
period. The potential of bars A and C remained 
similar throughout most of the monitoring period 
declining from -260 mV at the start to -300 mV at 
the end of the monitoring period. 
Good quality concrete specimens 1 and 2 showed 
similar galvanic current behaviour, ' Figures 9.3(b)- 
9.4(b). In both cases the galvanic current flowed 
from the outer bars to the central bar and 
generally increased-with time. 
9.1.3 10mm Aggregate Concrete 
Figures 9.5 to 9.8 show Ecorr and igalv versus time 
for the four specimens repaired with 10mm aggregate 
concrete. 
For the specimens with moderate quality concrete 
substrates, Figures 9.5(a)-9.6(a), all bars dis- 
played potentials associated with active corrosion 
within 7 weeks of the start of the monitoring 
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period. After thisýsharp initial drop the poten- 
tials of all bars in both specimens continued to 
fall gradually and at the end of the monitoring 
period were in the range -480 to -550 mV. 
For moderate quality concrete specimen 1. Figure 
9.6(b), the galvanic current measurements showed 
that after 3'weeks the current was in the order of 
50 uA between-both A and B and B and C. However, 
the direction and magnitude of the current between 
C and B changed as the half-cell potential of bar C 
fell to values more negative than those of bar B. 
The B-C current reached a maximum value of 83.2 UA 
after 41 weeks and than declined gradually over the 
remainder of the monitoring period. The A-B current 
reached a maximum of 90.5 uA after 27 weeks and 
then declined over the remainder of the monitoring 
period. Additional measurements were made with all 
three bars connected, these are shown in Figure 
9.7(b). The results from these extra measurements 
suggest that for the A-B couple the effect of con- 
necting in bar C was to draw an extra 13 uA over 
the existing current. For the B-C couple a similar 
increase in current was noted. 
For moderate quality concrete specimen 2, Figure 
9.6(b), the galvanic current plot shows that after 
11 weeks the current between bar B and the outer 
bars increased. This trend to more positive values 
lasted for a period of 26 weeks. After 43 weeks the 
current between A and B started to decrease, event- 
ually moving to negative values after 49 weeks. 
This trend continued until the end of the 
monitoring period. This suggests that bar A became 
more anodic than bar B, ie it developed a more- 
dominant corrosion site(s)-than those on bar B. 
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Measurements were taken with all three bars con- 
nected. In both cases these indicated higher levels 
of galvanic current than those measured with just 
two bars connected. This suggests that bar A was 
the most anodic bar of the three. 
For the two specimens with good quality concrete 
substrates, Figures 9.7(a)-9.8(a), the time to cor- 
rosion performance was increased. Good'quality con- 
crete specimen 1 maintained potentials associated 
with passive behaviour for 31 weeks. After this 
time the potential of the central bar dropped from 
-68 mV to -215 mV. Simultaneously the potentials of 
bars A and C also fell, but to less negative 
values. Measurement of galvanic current showed an 
increase at this point from less than 1 uA 
against an instrument resolution of 0.1 uA) to more 
than 10 uA, Figure 9.7(b). This suggests that 
a lthough the potential of bar B had not dropped 
below the accepted 'threshold' value of -280 mV, 
corrosion had started, evidenced by the order of 
magnitude increase in the galvanic current flow. 
The potential of bar B continued to decline grad- 
ually throughout the remainder of the monitoring 
period. As the difference in potential between the 
central and outer bars increased, so did the magni- 
tude of the galvanic current. By the end of the 
monitoring period this had reached approximately 80 
uA. 
The results from good quality concrete specimen 2, 
Figure 9.8, showed a similar pattern with-two sig- 
nificant differences. Firstly, the Ecorr and igalv 
plots suggest that this specimen had a 
repassivation event on bar B, secondly the time to 
initiation of corrosion was much shorter than for 
252 
good 1,, 17 weeks as opposed to 31. Apart from these 
the behaviour was similar, the potential of bar B 
suffered a negative drop and polarised the poten- 
tials of bars A and C. As the difference between 
the potential of bars A and C with B increased so 
did the magnitude of the galvanic current. Another 
trend seen in both specimens was a movement to 
slightly more positive potentials of bars A and C 
towards the end of the monitoring period. 
Figures 9.9 to 9.12 show the Ecorr and igalv versus 
time plots for the four specimens repaired with 
flowing concrete. 
For the two specimens with moderate quality con- 
crete substrates, Figures 9.9(a)-9.10(a), the cen- 
tral bars exhibited potentials associated with 
active corrosion after 1 week and all bars within 9 
weeks. In moderate quality concrete specimen 1, bar 
A moved to more negative potentials than bars B and 
C after 11 weeks, suggesting that a more active 
anodic site had become established there. The gal- 
vanic current plots support this assertion, the 
direction of current between bars A and B was 
reversed at this point. At the end of the monitor- 
ing period the potentials were in the range -560 to 
-470 mV for moderate 1 and -450 to -330 mV for 
moderate 2. 
The galvanic current, plot for moderate 2. Figure 
9.10(b), shows a value of approximately 30 uA, 
throughout the monitoring period. This suggests'' 
that the most dominant-anodic site was on bar B 
throughout the monitoring period. 
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For the two specimens with a good quality concrete 
substrate, Figures 9.11(a)-9.12(a)', the performance 
observed was very different. In specimen good 1 bar 
B exhibited potentials associated with active cor- 
rosion after 1 week. This sharp drop in potential 
had the usual effect of polarising the potentials 
of A and C such that after 5 weeks all three bars 
had potentials associated with active corrosion. 
After 10 weeks the potential of bar B stabilised at 
approximately -480 mV while bars A and C continued 
to more negative values. At the end of the monitor- 
ing period they had reached -567 and -569 mV for A 
and C respectively. This data suggests that A and C 
became more active with time and reference to the 
galvanic current data, Figure 9.11(b), supports 
this observation. For both the A-B and B-C couples 
the current was found to be flowing from the cen- 
tral bar to the outer bars and the magnitude of 
this current increased throughout the monitoring 
period. 
In specimen good 2. Figure 9.12(a), bar C displayed 
a possible initiation of corrosion after 5 weeks. 
Sustained corrosion activity was not indicated 
until after 15 weeks of exposure when bar C showed 
another sharp drop in potential, the polarising 
effect of this shift on the potential of the other 
two bars was also seen. The potential of bar C 
continued to move to more negative values through- 
out the monitoring period, ending at -518 mV. Bars 
A and B also moved more negative but were some 200 
mV more positive than C. The relative potentials of 
the bars were reflected by the galvanic current, 
Figure 9.12(b), which showed the current between 
bars B and C to be high (approximately 150'uA) but 
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the, current between bars A, and B to relatively low 
at 13 uA. This data suggests that the most dominant 
anodic site was on bar C throughout the monitoring 
period. 
Figures 9.13 to 9.16 show the Ecorr and igalv Plots 
for the four specimens repaired with SBR modified 
mortar. 
For the two specimens with a moderate quality con- 
crete substrate, Figures 9.13(a)-9.14(b), the Ecorr 
versus time plots show that all bars in both 
specimens had potentials associated with active 
corrosion after 1 week. In both cases the most 
negative potentials were seen on bar B throughout 
the monitoring period. Examination of the corre- 
sponding galvanic current plots, Figures 9.13(b)- 
9.14(b), shows that for moderate 1 the galvanic 
current between bars A and B was in excess of 1OOuA 
and increased to a peak of 149 uA at 37 weeks. 
After this point there was a downward trend,, apart 
from one excursion, such that at the end of the 
monitoring period the current was at a value of 118 
uA. The current measured, between bars B and C rose 
to a maximum of 257 UA after 37 weeks and then 
declined, with a single excursion at the same time 
as the previous plot, such that at the end of the 
monitoring period the current was in the range 
180-205 uA. 
For the two specimens with a good quality concrete 
substrate, Figures 9.15 and 9.16, the performance 
was markedly different between the two specimens. 
In specimen good 1, bars A, B and-C exhibited 
potentials associated with corrosion after I week, 
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Figure, 9.15(a)'. Bar'B had potentials along its 
length of approximately -5oo mV for the remainder 
of the monitoring period while bars A and C were 
generally in the range -280 to -350 mV. The gal- 
vanic currents recorded between the two outer bars 
and the central bar were in the range 100 to 200 
uA, Figure 9.15(b). This data suggests that the 
dominant anodic activity was on bar B throughout 
the monitoring period and that the rate of cor- 
rosion, evidenced by the magnitude of the galvanic 
current, was high. 
For good specimen 2, Figure 9.16(a), bar B showed a 
sharp drop to more negative potentials, from -53 to 
-253 MV, after 5 weeks of exposure. This had the 
effect of polarising potentials of bars A and C to 
more negative potentials. After 23 weeks the poten- 
tial of bar C dropped to a value more negative than 
bar B and continued a gradual decline throughout 
the remainder of the monitoring period. The poten- 
tials of bars A and B remained relatively constant 
showing only a very slight negative trend. This 
behaviour was mirrored by the galvanic current 
data, Figure 9.16(b). The direction and magnitude 
of the current between bars B and C changed when 
the potential of bar C became more negative than 
that of bar B. The magnitude of the current gen- 
erally increased throughout the monitoring period, 
finishing at 82 uA. The current between A and B 
remained within the range 10 to 20 uA. The results 
suggest that some small initiation of corrosion was 
recorded on bar B; subsequently a more dominant 
anodic region formed on bar C and the rate of cor- 
rosion at this anodic region increased with time. 
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Figures 9.17 to 9.20 show the Ecorr and igalv ver- 
sus time plots for the four specimens repaired with 
ggbfs/opc concrete, 
For the two specimens with moderate quality con- 
crete substrates, Figures 9.17(a)-9.18(a),, the data 
shows that all the bars had potentials associated 
with active corrosion after 3 weeks. For moderate 
specimen 1. Figure 9.17(a), the bar with the most 
negative potential was initially bar B. By the end 
of the monitoring period the potential of bar B was 
slightly more positive than, those of bars A and C. 
All potentials were within the range -481 to -545 
mV. Examination of the, galvanic current data, Fig- 
ure 9.17(b), shows that after three weeks the cur- 
rents were approximately 80uA from the outer bars 
to the central bar. This situation changed after 13 
weeks, the magnitude of the current started to 
decline with time. After 43 weeks the direction of 
the current had reversed in both cases. This 
suggests that the dominant anodic sites were orig-ý 
inally located on the central bar but with time the 
outer bars had become more anodic with respect to 
the central bar. 
For moderate specimen 2, Figure 9.18(a), bar C had 
a potential associated with corrosion after 1 weeks 
exposure, the potentials of bars B and A were pola- 
rised to values of -271 and -266 mV respectively. 
By the next monitoring point, after 3 weeks 
exposure, the potential of both these bars had 
fallen to values more negative than -300 nV. Simi- 
lar behaviour to 
' 
that of specimen 1 was then seen, 
the potentials of bars A and B became more negative 
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than that of bar C such that at the end of the 
monitoring period the potentials were -551, -531 
and -499 mV for bars A. B and C respectively. The 
galvanic current, Figure 9.18(b), shows that after 
three weeks the current directions were from A to B 
and from B to C. This reflected the relative poten- 
tials of the bars and suggests that in terms of 
anodic activity bar C was the most active followed 
by bar B and then A. Between 30 and 40 weeks of 
exposure the direction of current flows reversed 
suggesting that bar A became the most dominant 
anodic site followed by bar B and then C. Again 
this observation from the current monitoring 
reflected the potential observations where bar A 
had moved to the most negative value followed by 
bar B and then bar C. 
For the two specimens with a good quality concrete 
substrate there was a marked difference between 
their performance. Specimen good 1, Figure 9.19(a), 
showed a time to corrosion period of 13 weeks for 
bar B whose potential dropped from -105 to -319 mV. 
This had the usual effect of polarising the poten- 
tials of bars A and C to more negative potentials. 
The potential of bar B remained within the range 
-244 to, -354 mV throughout the monitoring period. 
The potentials of bars A and C remained more posi- 
tive. Coincident with the drop in potential of bar 
B was an increase, in excess of an order of 
magnitude, in t' he galvanic current flow, Figure 
9.19(b). The current measurements peaked at around 
50 uA after approximately 20 weeks before falling 
to levels of approximately 15 uA after 40 weeks. 
Following this there was a cyclicl but, upward, 
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trend in the current measurement such that by the 
end of the monitoring period the value was approxi- 
mately 40 uA. 
Specimen good 2, Figure 9.20, performed much better 
in that the time to initiation of corrosion was 57 
weeks. At this time the potential of bar A fell 
from -63 to -231 mV also polarising the potentials 
of bars B and C to more negative values. For a 
period of 8 weeks bar A maintained a potential 
approximately -80 MV more negative than that of 
bars B and C. after this time the potential of bar 
B dropped to a value more negative than that of bar 
A. At the end of the monitoring period the poten- 
tials of the bars were -269, -312 and -218 mV for 
A, B and C respectively. The galvanic current data, 
Figure 9.20(b), shows a rise in current coincident 
with the drop in potential of bar A and a subse- 
quent change in direction of the current coincident 
with the drop in potential of bar B. 
Figures 9.21 to 9.24 show the Ecorr and igalv ver- 
sus time plots for the four specimens repaired 
using acrylic modified mortar. 
For moderate quality concrete specimen 1, Figures 
9.21(a), the results show that after 3 weeks all 
bars in moderate 1 had potentials associated with 
corrosion. Throughout the monitoring period bars A 
and C maintained potentials very similar to each 
other, within the range -450 to -500 mV. This 
suggests that both bars were in a similar state. 
Bar B maintained a potential some 50 mV more posi- 
tive than bars A and'C until after 61 weeks when 
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its potential moved more positive. At the end of 
the monitoring period the potential of bar B was 
-365 mV. 
The galvanic current data for moderate 1. Figure 
9.21(b), shows the early dominance of bar A as the 
most anodic region by the higher current flows from 
bar B to bar A. After 11 weeks of exposure the 
current flows to bars A and C were similar and this 
was maintained until week 41 when the current flow 
to bar C declined to values of approximately 20 -25 
uA. The measurement of galvanic current made with 
all three bars connected showed that while current 
flow between bars A and B was not affected by the 
connection of bar C, the measurement of current 
between bars B and C was reduced from 20 to 1 uA 
when bar A was connected. 
For moderate quality concrete specimen 2, Figure 
9.22(a), the potential results show that after 7 
weeks bar C had a potential associated with cor- 
rosion. The potentials of bars A and B were pola- 
rised to more negative values by bar C and after 11 
weeks of exposure they also had potentials 
associated with. corrosion. After 30 weeks of expo- 
sure bar A had the most negative value followed by 
bar C and then bar B. this order was maintained 
until the end of the monitoring period. The gal- 
vanic current results, Figure 9.22(b), show that 
bar C was anodic with respect to bar B after-7 
weeks with an increase in current from 4 to 24 uA. 
The current flow from bar B to bar C was maintained 
in the range 15 - 50 uA throughout the monitoring 
period. For the A-B couple there was a short period 
between 11 and 19 weeks when bar B was the most 
dominant anode. After this bar A established itself 
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as the most anodic bar in the specimen-with a cur- 
rent. of approximately 100 uA after 37 weeks of 
exposure. The current between bars A and B was in 
the range 80-140 uA until the end of the monitoring 
period. Measurements made with all three bars con- 
nected confirmed the position of bar A as the most 
dominant anode. Currents between bars A and B 
increased by between 20 and 40 uA when bar C was 
connected. Conversely for measurements between bars 
B and C the direction of current flow was reversed 
and changed by approximately 60 uA (from -15 to +45 
uA). This suggests that when all three bars were 
connected the anodic activity on bar A was sup- 
ported by cathodic reaction on both bar B and bar 
C. 
For the two specimens with a good quality concrete 
substrate, Figures 9.23(a)-9.24(a), specimen good 
1 showed the best performance of all the specimens 
in the programme. No initiation of corrosion was 
indicated by the potentials of the bars. Generally 
the bars had potentials in the range 0 to -100 mV, 
although for a period between 10 and 20 weeks of 
exposure they dropped gradually to values of 
approximately -200 zV. The galvanic current 
measurements on this specimen, Figure 9.23(b), sup- 
port the observation that corrosion was not 
initiated on any of the bars in this specimen. It 
is interesting to note that after 1 ponding gal- 
vanic currents of between 40 and 60 uA were 
recorded, after this time, current values were 
consistently within the range 0.1 to 2.6 u. A. 
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For specimen good 2, Figure 9.24(a), bar C showed a 
sharp drop in potential after 15 weeks from -32 to 
-260 mV, polarising the potentials of bars A and B 
to more negative potentials. After 27 weeks the 
potential of bar B dropped to a' value more negative 
than bar C. after 31 weeks bar A had the most nega- 
tive potential but after 43 weeks bar C resumed its 
position as the bar with the most negative 
potential. From 43 weeks until the end of the moni- 
toring period the potential of bar C declined to 
more negative potentials, followed to a lesser 
extent by bar A. At the end of the monitoring 
period the potentials of the bars were -321, -265 
and -467 for A, B and C respectively. The galvanic 
current data, Figure 9.24(b), supports the observa- 
tion that the dominance of anodic regions on the 
three bars was reflected in their relative 
potentials. The magnitude and direction of current 
changes coincided with those seen in the potential 
monitoring. Additionally, as the difference between 
the potential of bar C and bars A and B increased 
so did the magnitude'of the galvanic current. 
Figures 9.25 to 9.28 show the chloride profiles ver- 
sus depth with increasing time of exposure and at 
varying distances from the interface between the 
repair and the original substrate for a selection of 
the six materials studied in this section of the pro- 
gramme. A number of difficulties were experienced 
with the retrieval of samples, due to disintegration 
of the specimens during drilling, in some cases-this 
meant that only one or two profiles were obtained. 
The results from those specimens which remained 
intact suggest that this type of test may be worthy 
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of further research although the method of measuring 
chloride concentration in the specimens needs improv- 
ing. Table 9.1 gives a complete set of the results 
obtained. 
9.2.1 Lightweight ERozy Resin Mortar 
Samples were retrieved from the concrete substrate 
halves of the two specimens. Results from the 
single material specimens had shown that it was not 
possible to obtain reliable results from the epoxy 
resin mortars. For the moderate quality concrete 
profiles were obtained after 3 months, 6 months and 
12 months at the end of the exposure period. These 
profiles were similar and did not suggest that the 
concentration of chloride at a particular depth 
increased with proximity to the interface. 
For the good quality concrete the results in table' 
9.1 show that at both 3 and 6 months the concentra- 
tion of chloride was higher in the 0-10mm, depth 
range than the 10-25mm, depth range and that the 
concentration of chloride increased with distance 
from the interface. At the end of the monitoring 
period the results suggest that the concentration 
of chloride was higher at the 10-25 and 25-40mm 
depth range than the 0-10mm depth range. It would 
seem from these results that the presence of an 
interface did not increase the penetration of 
chloride into the immediately adjacent concrete. 
9.2.2 10mm Aggregate Concrete 
Samples were successfully retrieved from both the 
repair material and substrate concretes of both 
specimens. Figure 9.25 shows the profiles obtained 
from the 10-25mm, depth range in the specimen with 
good quality concrete substrate . The figure shows 
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firstly that the 10mm concrete had a lower chloride 
concentration than the parent concrete and secondly 
that the chloride concentration decreased with dis- 
tance from the interface. 
Examination of all the results from these specimens 
suggest that there may be an effect on the rate of 
penetration of chloride caused by the presence of 
the interface. Results from the 0-10mm depth range 
20mm from the interface had higher chloride concen- 
trations than the 0-10mm depth range 40 or, 60mm 
from the interface in 9 out of 12 cases. The 
largest difference was shown by the 6 month profile 
from the moderate quality concrete. 
Figure 9.26 shows the chloride profiles obtained 
from the 10-25mm depth range for the specimen with 
moderate quality substrate concrete. Analysis of 
the samples retrieved from the flowing concrete 
showed very low concentrations of chloride. Results 
from the moderate quality concrete suggest that the 
presence of the interface may have'had an effect on 
the penetration of chloride. Both the three month 
and end of test profiles show a higher concentra- 
tion of chloride at the 10-25mm depth range for the 
samples taken 20mm from the interface than for the 
samples taken 40mm from the interface. However, it 
was also observed that the samples retrieved 60mm 
from the interface had a higher chloride concentra- 
tion at 12 months than those from 20 and 40mm from 
the interface. Retrieval of samples from theýgood 
quality concrete proved difficult and therefore the 
number of results is limited, table 9.1. Neverthe- 
less, the 6 month results at both the 0-10mm and 
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10-25mm depth ranges show substantially higher 
concentrations of chloride at 20mm from the inter- 
face than at 40mm from the interface after 6 months 
exposure. 
9.2.4 SBR Modified Mort&r 
Figures 9.27 and 9.28 show the chloride concen- 
tration profiles obtained from the 10-25mm depth 
range for both specimens. Analysis of the samples 
retrieved from the SBR mortar showed low concentra- 
tions of chloride throughout the exposure period. 
The profiles obtained from the moderate quality 
concrete show two things: 
i) Higher concentrations of chloride in the samples 
retrieved 20mm from the interface than in those 
40mm from the interface. The increase was most 
obvious in the 10-25mm depth range. 
ii)Higher concentrations of chloride in the sub-, 
strate concrete than in the other material 
combinations. 
For the good quality concrete it was only possible 
to retrieve samples at 3 and 6 months. The 3 month 
results suggest that the presence of the interface 
had an effect on the penetration of chloride while 
the 6 month profiles show little difference between 
the results 20mm and 40mm from the interface. This 
suggests that in the case of the SBR modified mor- 
tars the penetration of chloride into the adjacent 
concrete was greatly increased. The reason, for this 
behaviour is unclear and warrants further investi- 
gation. 
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similar performance was noted by the moderate con- 
crete specimen. After 3 months exposure there was a 
significant difference between the chloride 
concentration in the depth range 0-10 and 10-25mm 
at 20mm from the interface when compared, to the 
results 40 and 60mm from the interface. At the 
25-40mm depth range there was no obvious indication 
that the interface had effected greater chloride 
ingress. After 6 months exposure there was little 
difference between the chloride levels at 20 and 
40mm from the interface. At 12 months the chloride 
levels at 20mm from the interface were greater then 
the equivalent range 40mm from the interface by 
between 17 to 61%. It should also be noted that 
the surface levels of chloride (0-10mm) were higher 
than in any other specimen by a factor of two. 
These results would suggest that in the case of SBR 
mortars the interface had an effect on the penetra- 
tion of chloride into the specimen. 
Samples were retrieved from the repair material 
half of the specimens at 6 months. Further drilling 
of dust samples was not possible as the specimens 
fractured. It should be noted that the specimens 
did not fracture along the interface. Therefore 
this should not be interpreted as an indication 
that the interface was a physically weak link. The 
limited results from these specimens, table 9.1, 
nevertheless suggest that the presence of the 
interface resulted in greater chloride ingress 
local to it. 
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Samples were retrieved for analysis at 3 months and 
the end of the exposure period, table 9.1. The 
results from the acrylic modified mortar showed low 
concentrations of chloride throughout the test 
period. In three of the four profiles obtained the 
concentration in the 0-10mm. depth range was higher 
closer to the interface. However, chloride concen- 
trations at greater depths in the moderate concrete 
do not support this conclusion, three of the four 
profiles obtained show that the interface did not 
result in greater chloride ingress. This is in 
contrast with the results from the good concrete 
where all chloride profiles showed a marked 
increase in, concentration close to the interface. 
At the end ofthe monitoring period all specimens 
were broken open and the bars removed for examin-- 
ation. Table 9.2 gives a summary of the condition of 
the bars on removal from the specimens. The condition 
of the bars was recorded photographically and a 
selection of these are shown in figures 9.29 to 9.32. 
In general it was found that the corrosion products, 
were black in colour where they were close to the 
corroding site. Where the corrosion product was found 
at the edge of an anodic region it was often 
red/brown in colour. A fractured face of each speci- 
men was sprayed with silver nitrate solution in an 
attempt to measure the depth of penetration of the 
chloride. The results of this test were varied, Fig- 
ure 9.33 shows an example. 
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9.3.1 Lightweight Epoxy Resin Mortar 
For specimen moderate 1 the heaviest corrosion dam- 
age was found on the two outer bars, A and C. Four 
anodic sites were seen on bar A, three on bar C. 
The largest of these anodic areas was 65mm long. By 
contrast, on the central bar only one anodic site 
was seen, this was at the interface between the 
repair and the concrete and was approximately 15mm 
long. 
On moderate specimen 2 bar C was the most corroded 
bar with an anodic region 145mm long, on bar B 
three anodic regions were seen, two of these were 
at the interface between the repair and concrete 
substrate. Bar A had just one anodic region, 
approximately 50mm long. 
Specimen good 1 showed the heaviest corrosion on 
bar B. It had an anodic region at both interfaces 
and general corrosion over the surface on the bar 
which had been embedded in the epoxy resin mortar. 
Bar A had five anodic regions, the largest of which 
was 65 mm long. By comparison bar C had only one 
anode, approximately 15mm long. 
Specimen good 2 had one corroded region on each of 
bar A and C, bar B-had general corrosion over the 
surface embedded in the repair material. 
9.3.2 10mm Aggregate Concrete 
On moderate specimen 1 the corrosion state of the 
three bars was fairly similar. Bar A had three 
anodic sites, bar B two, one at each interface, and 
bar C also had two. Both anodes on bar B had vis- 
ible loss of section as did one of the sites on bar 
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C. Moderate specimen 2 had visible pitting on all 
three bars and again the condition was similar for 
all bars. 
on good specimen 1 no anodic sites Were seen on bar 
A,. one small site,, approximately 15x5mm, on bar C 
and two main anodic sites on bar B. Both of the 
anodic sites on bar B were located at the inter- 
face. For the. second good specimen the corrosion 
condition of the bars was similar to that of good 
1. Bar A had no visible corrosion, bar C had a 
collection of small anodic regions 2mm square and 
bar B had two anodic regions of extensive cor- 
rosion, both located at the interface. 
9.3.3 Flowing concrete 
on moderate specimen 1 five anodic regions were 
seen on bar A, the largest of these was approxi- 
mately 65mm long. On bar B one anodic region was 
seen at the interface between the repair and the 
substrate concrete. Two other anodic regions were 
seen on. the ends of the bar embedded in the sub- 
strate concrete. No signs of corrosion were seen on 
bar C. 
On moderate specimen 2 no signs of corrosion activ- 
ity were seen on bar A, on bar B one anodic region 
was in evidence, approximately 40mm long. Bar C had 
two anodic regions, the largest of these was 25mm 
long. 
On good specimen 1, bar A had three anodic regions, 
the largest of these was 100mm long and intruded 
into the protective duplex coating. Bar B had three 
anodic regions, two of these were situated at the 
interface and were small, the third was larger at 
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50mm length. Bar C also had three anodic regions, 
two smaller ones of approximately 20mm. length and a 
larger one 120mm long. 
Good specimen 2 had no signs of corrosion on bar A. 
three very small anodes on bar B, two of which were 
at the interface and one large anodic site, 165mm. 
long, in the centre of bar C. 
9.3.4 SBR Modified Mortar 
Moderate specimen 1 had two anodic regions on bar 
A, the largest of which was 10mm, x 10mm, bar B 
showed signs of severe corrosion and loss of sec- 
tion at both interfaces while bar C had two small 
anodic regions each 10mm x 10mm. Moderate specimen 
2 had no corrosion on bar A or bar C, bar B showed 
signs of severe corrosion at both interface sites. 
On good specimen 1 bars A and C showed no signs of 
corrosion, bar B had heavily corroded sites at the 
interface between the repair and the substrate con- 
crete. Good specimen 2 had no corrosion on bar A, 
on bar B there were two anodic regions, one at, each 
interface, although these were only lightly cor- 
roded. Bar C had a large anodic region, loomm, x 
15mm, in the centre of the bar. 
Moderate specimen 1 had two anodic regions on bar 
A, 40mm and 30mm long. Bar B had three anodic 
regions, two of these were on the length of bar 
embedded in the repair material, the largest of the 
three was in the substrate concrete. Moderate 
specimen 2 had anodic regions on all three bars, 
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three on bar A, two on bar B and one on bar C. only 
one of the two anodic sites on bar B was situated 
at the interface. 
Specimen good 1 had one anodic region on bars A and 
C, both were less than lomm long. Bar B had anodic 
regions at both interfaces. Specimen good 2 had two 
anodic regions on bars A and C, bar B had one 
anodic region and it was not located at the inter- 
ace. 
Moderate specimen 1 had two anodic regions on bar 
A. one small area at the interface on bar B and one 
anodic region on bar C. Bar A seemed to have suf- 
fered the heaviest corrosion as it had the largest 
corroded area. Moderate specimen 2 showed the 
heaviest corrosion to be on bar A with two anodic 
regions 60 and 35mm long. Bar B had one anodic 
region at the interface and bar C had one small 
anodic site approximately 15mm long. 
Good specimen 1 showed no signs of corrosion on 
bars A and C, bar B had some very light surface 
corrosion. Specimen good 2 had a large anodic 
region on the top of bar A 100mm long, bar B had 
light corrosion at both interfaces and a third 
small anodic region on the bottom surface of the 
bar. Bar C had two anodic areas, the largest of 
these was 90mm long. 
In addition to the electrochemical measurements 
taken at the end of every ponding cycle the speci- 
mens were also visually observed throughout the 
monitoring period. Two features were noted, the 
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time taken for rust staining to appear on the sur- 
face of the specimen and the time taken for crack- 
ing to appear. Four of the materials in this part 
of the study showed staining and cracking in at 
least one specimen. 
In the lightweight epoxy resin mortar a crack was 
seen over bar A in moderate specimen 1 after 55 
weeks of exposure. In specimen good 1 rust staining 
was seen over bar B after 33 weeks and cracks were 
seen over the line of bars A and C after 55 weeks. 
For the 10mm concrete staining only was seen in two 
instances over bar B in moderate 1, the first stain 
appeared after 27 weeks of monitoring, the second 
after 41 weeks. No cracks were seen in this speci- 
men. 
staining was seen after 29 weeks over bar B on 
specimen good 1 of the flowing concrete. After 55 
weeks cracks appeared over bars A, B and C in the 
same sppcimen. 
In the GGBFS/OPC concrete cracks were seen in both 
specimens with a moderate quality concrete sub- 
strate. In both cases cracks were seen over bars A 
and C after 59 weeks. 
9.4.1 Introduction 
The discussion of the composite specimen results is 
split into three sections: 
i) The criteria by which the performance of the 
composite specimens was judged. 
ii) The performance of the composite specimens. 
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A comparison of the performance of the compos- 
ite and single material specimens. 
In the single material specimens it was possible to 
determine the initiation of corrosion by comparing 
the Ecorr measured against a threshold value of 
-28OmV (SCE). This simple criterion for assessing 
time to corrosion was sufficient because of the 
sharp drop in potential that characterised the 
initiation of corrosion. 
In the composite specimens it was not possible to 
rigidly apply a simple threshold potential to 
assess the time to corrosion. For example the 
potentials of bars A and C in 10mm concrete good 
specimen 2 were more negative than -280mV between 
week 20 and week 60. Using the -280mV criteria both 
of these bars would have been classified as highly 
likely to be corroding. When the bars were removed 
from the specimen at the end of the exposure period 
there was no visible corrosion on bar A and only 
two very small areas of corrosion on bar C. Bar B, 
the central bar was heavily corroded. 
The technique of simply measuring the half-cell 
potential versus a reference electrode and subse- 
quently attempting to determine the passive/active 
condition of steel by comparing the measured value 
with absolute value criteria, such as those pro- 
posed by van Daveer [9.2], appears to be unreliable 
for these specimens. 
Instead a more detailed analysis of the data was 
required. Therefore, initiation of corrosion was 
defined for these specimens as being when the value 
of potential moved to a significantly more negative 
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value than the original base potential and there 
was a coincidental increase-in the magnitude of the 
galvanic current flow. By taking together the 
results from the half-cell potential and galvanic 
current it is possible to establish the time to 
corrosion for each of the specimens in this part of 
the programme. 
Examination-of the potential and galvanic current 
versus time plots show that this approachwas rea- 
sonable. 
For example Figures 9.7(a) and 9.8(a) clearly indi- 
cate initiation of corrosion on the central bar at 1 
31 andV weeks respectively. If the threshold 
potential 
' 
of -2801V had been applied then the good 
1 specimen would not have been classified as cor- 
roding until week 49 instead of week 31. Con- 
versely, all three bars in the good 2 specimen 
would have been judged as corroding by week 25. 
Examination of the bars showed that there was no 
corrosion on bar A and a very small amount of cor- 
rosion on bar C, Figure 9.31. The current plots on 
Figures 9.7(b) and 9.8(b) support these 
observations. 
It was anticipated that, by measuring the half-cell 
potential on a grid across the surface of the 
specimen, anodic regions could be detected by local 
changes in potential. A sample of the data obtained 
is given in Figure 9.36. This shows the difficulty 
in interpolating iso-potential lines derived from 
measurements taken, at practical spacings on labora- 
tory specimens. 
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The data showed that there was little variation in 
potential along the length of the reinforcement. 
The visual evidence on corrosion, sites clearly 
showed that the corrosion was in discrete areas, 
particularly close to the interface region. There- 
fore, the lack of variation in potential must have 
been due to other factors. The two most likely were 
the resistivity of the material between the steel 
and the reference electrode and the dimensions of 
the specimen. The'dimensions of the specimen were 
restricted by the limits of practicability for 
manufacture, transport, handling and storage during 
the monitoring period. Direct measurements of 
resistivity were not possible, however, attempts 
were made to assess the influence of resistivity by 
taking measurements of, -potential at different times 
during the dry part of 
* 
the exposure. The results 
from these measurements did not vary by more than a 
few millivolts and had no discernible trend. There- 
fore it would seem that the 
' 
drying which did take 
place in this period was not sufficient to 
influence the resistivity of the material. An addi- 
tional factor is that the chloride solution was 
applied to the whole surface of the specimen rather 
than locally, resulting in a fairly uniform chlor- 
ide concentration at the surface level. This would 
also assist in averaging out any variations in 
resistivity. 
It is suggested that if iso-potential maps are 
required from experimental studies such as this, 
then specimens should be designed with more appro- 
priate dimensions. Subsequent, unpublished, work by 
the author has shown that specimens with surface 
dimensions in excess of one metre are suitable. 
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In-conclusion, electrochemical data must be inter- 
preted intelligently. If possible data should be 
obtained over a period of time as well as over a 
reasonable area. Comparison of absolute values of 
potential between dissimilar exposures may be mis- 
leading if they are used as the only basis 
' 
for 
assessing the corrosion state of steel in concrete. 
Time to Corrosion 
I 
Using the performance criteria developed above, 
Table 9.3 was compiled showing the time to cor- 
rosion in weeks for the first bar to corrode in 
each composite specimen. It was not possible to 
assess the time to corrosion of other bars in the 
specimen using the same criteria. 
The data on time to initiation of corrosion showed 
that in 17 out of 24 of the specimens on test, bar 
B had a time to corrosion less than or equal to 
that of bars A and C. This disproportionate dis- 
tribution suggests that bar B in general was sub- 
ject to a more severe exposure thin bars A and C. 
The only difference in exposure between the three 
bars was the length of bar B which was embedded in 
repair material rather then substrate concrete. The 
data suggests that the presence of the repair patch 
influenced the initiation of corrosion. However, it 
has been shown from both the single material speci- 
men results and the visual observations of cor- 
rosion damage on breaking out the bars, that the 
repair material itself was not the weak link. This 
suggested that the interface between the concrete 
substrate and the repair material was of primary 
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importance in determining the performance of a 
repair when it was subjected to a chloride contami- 
nated environment. 
Further analysis of the time to corrosion data 
shows that the specimens with a moderate quality 
concrete substrate had a shorter time to initiation 
than the specimens with good quality concrete sub- 
strates. All specimens with moderate quality con- 
crete substrates had a bar showing signs of 
corrosion within 7 weeks of monitoring. Because 
the specimens were monitored every two weeks, com- 
parison of the performance of specimens with moder- 
ate concrete substrates is rather crude. By 
contrast the range for the good quality concrete 
substrates was from 1 week to in excess of the 
monitoring period. It is proposed therefore that in 
order to rank the performance of the materials as 
repairs the results of the good quality concrete 
substrate shall be used. In this way the perform- 
ance of the materials can be ranked in the follow- 
ing order, with increasing time to corrosion; 
MATERIAL Range of Time 
to corrosion 
(weeks) 
Lightweight Epoxy Resin 35 
Mortar 
Flowing Concrete 1 15 
SBR Modified Mortar 1 23 
10mm Aggregate Concrete 17 49 
GGBFS/OPC Concrete 13 67 
Acrylic Modified Mortar 27 ->69 
277 
A study of the performance of concrete repair 
materials has been undertaken by Coote et al (9-1]. 
A number of concrete prisms with bars at different 
depths of cover were repaired and then exposed at 
various locations both within the tidal range and 
on the shoreline. Assessment, of the performance was 
made at 6 monthly intervals. The results from the 
study by Coote, although obtained from a natural 
exposure condition, give a similar ranking to that 
found by this study in as far as it is possible to 
compare directly the different materials used. This 
supports the use of an artificial laboratory 
exposure as used. in this study where results were 
required over a much shorter timescale. 
Results from the specimens with a good quality con- 
crete substrate for all the materials except the 
lightweight epoxy mortars showed a large variation 
in performance between the two specimens. This'dif- 
ference was particularly marked for the SBR and 
flowing concrete specimens. In both these cases one 
specimen showed initiation of corrosion on bar B 
after one week of ponding with chloride solution 
while the second specimen in each case showed no 
sign of corrosion until at least 15 weeks of expo- 
sure. For the 10mm concrete, ggbfs/opc concrete and 
acrylic modified mortar the range, in performance 
between the two specimens was still large but the 
worst performer of the two managed at least 13 
weeks before showing signs of initiation of cor- 
rosion. These results suggest that in the case of 
the SBR and flowing concretes the cause of failure 
was an event which happened prior to their exposure 
rather than the rate of penetration of chlorides 
through a material. The specimens were repaired at 
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the same time, from the same batch of, materiall to 
the same specification and by the same person. It 
was thought that this would rule out variations in 
performance due to workmanship. 
Time to corrosion of the bars embedded entirely, -in 
the concrete substrate was also varied. of the 48 
bars only five showed no signs of corrosion when 
removed from the specimens. The range ofztime to 
corrosion for the bars embedded in moderate quality 
concrete was 1- 21 weeks, -for bars in good quality 
concrete the range was 1- 61 weeks. Figure 9.39 
shows a frequency distribution of, time to corrosion 
for the first bar to corrode in each specimen. This 
shows that after 7 weeks all 12 of the specimens 
with a moderate quality concrete substrate had 
started to corrode. After the same length of expo- 
sureZ of the 12 specimens with a good quality 
concrete substrate had started to corrode. These 
results support the earlier conclusion that as 
expected the moderate quality concrete substrate 
had a lower corrosion protection than the good 
quality concrete. 
Location of Corrosion Sites 
From Table 9.3 it can be seen that, the central bar 
was the first to corrode in 17 out of 23 cases., 
Table 9.4 summarises the'number of bars where cor- 
rosion sites were found at the interface. Of the 46 
possible interface regions, 38 were found to have 
corrosion. Only two central bars were found to have 
no corrosion sites, these were from ggbfs good 2 
and acrylic good 1, the two best per I forming speci- 
mens in terms of corrosion protection. These 
results suggest that the comparatively poor 
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performance of the central bar was caused by the 
presence of the interface between the repair 
material and the parent concrete. 
Previous workers (9.7] have reported the generation 
of anodic sites adjacent to repaired areas. This 
phenomenon has been dubbed the 'incipient anode' 
effect. Its cause is attributed to sufficient 
levels of chloride remaining in the parent concrete 
surrounding the repaired area, promoting the cor- 
rosion of steel which had previously been protected 
by the corrosion of anodic sites now repaired. The 
polarisation curves shown in Figure 9.37 illustrate 
the process. As the corroding area is repaired the 
steel in the surrounding concrete (which has a 
lower, but still greater than critical, chloride 
conten t) is able to corrode because it is no longer 
polarised to a potential more negative than its 
pitting potential. In the figure this results in a 
change in potential from E3 to E4 with a correspon- 
ding reduction in corrosion rate from icorr3 tO 
icorr4. A fuller explanation of the 
electrochemistry involved is given by Treadaway 
[9.6] . 
The results from this work suggest that it is not 
necessary for chlorides to be present in the con- 
crete surrounding the repaired areas in order that 
anodes are formed at the interface between the 
parent concrete and the repair. The requirement is 
merely that the repaired concrete element is sub- 
jected to a chloride contaminated environment, 
since the interface provides an easier channel f or 
chloride penetration. One possible explanation for 
the preferential penetration of chloride at the 
interface is that a crack develops between the two 
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materials as a result of incompatibility in prop- 
erties. The crack may develop as a result of plas- 
tic shrinkage, drying shrinkage or thermal 
incompatibility. The last of these three is thought 
to be unlikely in this case as, the specimens, were 
stored in laboratory conditions and thereforeýdid 
not experience temperature changes of more than a 
few degrees. 
one of the SBR specimens did exhibit cracks between 
the repair and the substrate concrete, Figure 9.35. 
These cracks were visible with the naked eye but of 
limited size, less than 0.1mm when measured with a 
crack widthmicroscope. The effect of cracks on the 
initiation and propagation of corrosion has been 
well researched (9.8,9.9]. The findings of this 
work suggest that unless the crack is either wider 
than 0.3mm, longitudinal to the line of the rein- 
forcement or dynamic, it is unlikely to affect the, ý 
rate of corrosion. According to these earlier - 
studies the cracks seen in this work were unlikely 
to have influenced the rate of corrosion. 
In the authors practical experience corrosion of 
reinforcement has been seen where cracks approxi- 
mately 0.1 mm wide were present. 
These previous studies were, however, carried out 
on monolithic specimens of concrete. In this study 
the area either side of the interface was made up 
of different materials the performance of which, in, 
terms of chloride penetration, has been shown, by 
the results from the single material specimens, to 
be very different. It is possible that because of 
the difference in materials forming the boundaries 
of the crack the normal crack blocking mechanisms 
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of adsorption of water into the crack sides and 
generation of further hydration products the influ- 
ence of these cracks is very much greater. 
This does not explain the performance of specimens 
with no visible shrinkage cracks. The data from the 
half and half specimens suggests that the presence 
of an interface allowed greater penetration of 
chloride than a monolithic material. The reasons 
for this change in physical behaviour are not 
clear. A possible additional contributing factor to 
the corrosion performance of the composite speci- 
mens is the difference in electrochemistry as the 
bar passes from concrete to a different material. 
Experience from corrosion problems suggests that 
the change in exposure would tend to create a 
higher corrosion risk. 
The results from the chloride penetration work 
suggest that in the cases of the SBR, acrylic, 10mm 
and flowing concretes the presence of the interface 
increased the concentration of, chloride in the 
adjacent concrete. However, the presence of the 
interface did not result in high chloride concen- 
trations in the repair material adjacent to it. 
Because of concerns about the integrity of the 
specimens during the drilling of dust samples, none 
were taken from the interface itself. It would, be 
of interest to pursue this type of approach to 
determine more precisely the influence of the 
interface onýchloride penetration, the cause of the 
phenomena and its extent. Possible methods are out- 
lined in the chapter on recommendations for further 
work. 
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The chloride penetration results from the SBR 
specimens showed the highest concentration of 
chloride in concrete recorded in the study. It was 
also found that the SBR specimens had some of the 
highest galvanic currents and the most severe loss 
of section at the interface. This would suggest 
there are particular difficulties in achieving a 
sound interface between SBR and parent concrete 
when subjected to a wet/dry chloride ponding 
regime. 
In conclusion the-interface 
strate concrete was the most 
rosion to start. The reasons 
clear but seem to be related 
penetration of chloride ions 
concrete at the interface. 
between repair and sub- 
common site for cor- 
for this were not 
to the preferential 
into the substrate 
As shown by figures 9.29 to 9.32 the length of 
the central bar embedded in the repair was gen- 
erally free from corrosion. Even though the inter- 
face region appears to have provided a preferential 
site for corrosion the propagation of corrosion was 
into the substrate concrete rather than the repair 
material. This general observation may simply be 
attributed to the higher resistance of the repair 
materials to penetration of chloride ions as evi- 
denced by their performance in the single material 
specimen section and the composite chloride , 
penetration specimens. The exception to this obser- 
vation was the epoxy resin mortar where general 
corrosion was seen over the whole surface of the 
bar embedded in the repair. This general corrosion 
was probably due to the fact that the steel in the 
epoxy resin was not protected by a passive film, 
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merely by a barrier of epoxy resin. Propagation of 
corrosion proved to be easier under the film than 
the disruption of the passive film on the steel in 
the cementitious substrates and therefore corrosion 
of the bar took place within the repair zone. This 
observation demonstrates the unsuitability of epoxy 
resin repairs in environments where chlorides are 
present. It also demonstrates the importance of 
testing repair materials in composite specimens as 
no corrosion was observed on the bars in the epoxy 
mortar single material specimens. 
Electrochemical observations 
As noted above the potential and galvanic current 
data was used to assess the time to corrosion of 
the bars in the composite specimens. Monitoring of 
potential and galvanic current after initiation of 
corrosion provided more information on the perform- 
ance of the specimens. 
Another interesting point to note from the poten- 
tial measurements is the difference in readings 
obtained when the bars were connected and 
unconnected. As shown by the sample data in Table 
9.5 the potential of a bar could be polarised by as 
much as 120mV merely by being connected to an 
adjacent bar with a more negative potential. 
Galvanic Current 
Galvanic current is the result of a potential dif- 
ference between two metals. In this study the 
potential difference between bars was due to 
differences in corrosion state. Therefore if an 
anode formed on one bar but not on another then we 
would expect to see galvanic current flow from the 
passive to the active bar. However, it would be 
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incorrect to assume that this current is the same 
as the corrosion current. This is because the anode 
has only formed on par4h-. of the surface of the bar, 
the remainder of the surface will be passive and 
therefore available for cathodic reaction. It is 
usual for the corrosion cell where the anodes and 
cathodes are local to one another to be termed a 
microcell. Corrosion cells with large cathode to 
anode ratios are termed macrocells. Therefore in 
this study we arranged a facility to measure macro- 
cell galvanic current. 
The majority of current measurements were made 
between adjacent bars with the third bar discon- 
nected. Measurements of galVanic current with all, 
three bars connected were made on the lomm, ggbfs- 
and acrylic mortar specimens. The results are shown 
in figures 9.5 to 9.8 and 9.17 to 9.24. Analysis of 
these results shows two general forms of behaviour. 
In the specimens with moderate quality parent c9n- 
crete one or other of the outer bars was the domi- 
nant anode at the end of the exposure period. This 
was indicated by the bar having the most negative 
potential and the largest galvanic current value 
between it and the central bar. Measurement of gal- 
vanic current between the dominantly anodic outer 
bar and the central bar with the third bar 
connected gave an increase in the galvanic current 
measured. Conversely, the galvanic current between 
the central bar and the second outer bar, with the 
dominant anodic outer bar connected, decreased in 
magnitude and in some cases changed direction. 
These observations suggest that the corrosion on 
the outer bar which was the dominant anode was 
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under cathodic control. As the cathodic area avail- 
able to it was increased, the galvanic current 
flowing to it increased. 
In the specimens with a good quality parent con- 
crete the galvanic current flow was typically 
towards the central bar,, bar B,, from the two outer 
bars. This suggests that the dominant anodic sites 
were on bar B. Galvanic currents measured with all 
three bars connected showed a slight reduction in 
magnitude but no change in direction compared to 
those measured with only pairs of bars connected. 
These results suggest that corrosion on bar B was 
under anodic control. The exceptions to this behav- 
iour were the two acrylic specimens. Good 1 showed 
no signs of corrosion on any bars. In good specimen 
2 the dominant anode formed on one of the outer- 
bars. This resulted in behaviour similar to that 
shown by the moderate quality concrete specimens. 
Therefore, it can be concluded that the monitoring 
of galvanic current should be taken with all three 
bars connected. Measurement of galvanic current 
between adjacent bars gave an indication of the 
relative corrosion rates of the bars but not of, the 
complete specimen. Where the central bar was the 
dominant anode the difference between the methods 
of measurement was not so marked due to the cor- 
rosion being under anodic control. 
The explanation for the difference in control mech- 
anisms for the central and outer bars was probably 
the difference in cathode to anode ratios. Using 
the lomm good 2 specimen as an example of anodic 
control, the observed corroded area on the central 
bar was 1125MM2. The available cathode-area was 
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approximately 48650mm2, this gives a cathode to 
anode ratio of approximately 43 to 1. The ggbfs 
moderate 2 specimen may be used as an example of 
cathodic control. In this case bar A had an 
observed corroded area of 1575MM2. bars B and C had 
750 and 600MM2 respectively. Therefore, the cathode 
to anode ratio of bars A and B coupled together was 
approximately 20: 1. By connecting in bar C the 
cathode: anode ratio became approximately 30: 1, only 
two thirds of that seen in 10mm good 2. The results 
suggest that a cathode: anode ratio in the range 30 
- 43: 1 is required to ensure that the corrosion is 
under anodic control. 
Schiessl et al [9.3,9.4) investigated the effect 
of varied cathode: anode ratios and concluded that 
10: 1 was sufficient to ensure that the corrosion 
was under anodic control. It should be noted that 
in his calculations of anodic and cathodic area 
Schiessl used the surface area of the prescribed 
anodic bar not observed corroded areas. This could 
have a significant effect on the calculated ratio. 
Work by Hollingshead and Vassie C9.5] showed that 
by increasing the availability of nominally cath- 
odic area to an anodic region resulted in large 
increases in the galvanic current measured. The 
results from this work by Hollingshead show that 
the corrosion of steel in concrete is controlled by 
the rate of the cathodic reaction if the cathode to 
anode ratio is less than 8: 1. 
In conclusion it has been shown that steel -in, con- 
crete, where corrosion has been initiated by chlor- 
ides, can corrode under anodic and cathodic 
control. The determination of which of these 
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control mechanisms is in operation depends entirely 
on the conditions seen by the steel/concrete inter- 
face. 
Most of the maximum currents were from the outer to 
the central bar. This suggests. that the highest 
corrosion rate was on the central bars even though 
the area available for corrosion was limited by the 
presence of a highly protective patch of repair 
material. 
Galvanic current versus time behaviour varied 
between specimens. Generally for those specimens 
with one bar whose potential went more negative 
with time then the galvanic current increased with 
time (Eg. 10mm concrete good 1 and good 2, Figures 
9.7(b) and 9.8(b)). This suggests that in these 
cases the galvanic current was closely proportional 
to the corrosion rate. -Examination of 
the bars 
confirmed that in these specimens the most severe 
corrosion had occurred on the bars which the gal- 
vanic current had suggested to have the highest 
corrosion rate. 
on some of the specimens it was noted that the 
direction of galvanic current was not constant 
throughout the monitoring period. For example on 
SBR good 2 bar B had the most negative potential 
for the first 20 weeks after which bar C had the 
most negative potential. coincident with this drop 
in potential of bar C was a change in the direction 
of galvanic current between bars B and C. The 
explanation of this type of behaviour is given by 
using a polarization diagram such as that shown in 
Figure 9.37. When corrosion was initiated on bar B 
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it had the effect of polarizing the potential Of 
bars A and C from a value of El to E2. As a result 
these bars were unable to corrode when chloride 
ions initially arrived at their surfaces, shown on 
the diagram by the pitting potentials E P, ' and Ep2. 
However, as the concentration of chloride ions at 
the surface of the outer bars increased, the pitt- 
ing potential of the outer bars became more nega- 
tive. In the case of bar C in SBR good 2 this 
process took 20 weeks. When the pitting potential 
becomes more negative than the polarized potential 
( Ep3 ) bar C is free to corrode and adopts a 
potential E3 with a corresponding increase in cor- 
rosion current from icorrl to icorr3- 
For many of the materials under test the galvanic 
current versus time plots showed a climb to peak 
values over the first 30 - 40 weeks of exposure 
followed by a steady decline to lower values. This 
was not reflected by changes in half-cell potential 
measurements. In the single material specimens 
changes in corrosion rate were mirrored by changes 
in the half-cell potential. one possible cause of 
this reduction is the initiation of corrosion on 
the previously passive bar in the couple. Initi- 
ation of corrosion in this way would reduce the 
amount of cathodic area in two ways, firstly by the 
formation of an anodic region in a previously 
cathodic region and secondly by the need to balance 
the anodic reaction with a cathodic reaction. Exam- 
ination of the chloride profiles for the parent 
concrete shows that there was sufficient chloride 
present to promote corrosion on the outer bars at 
the time when this reduction in galvanic current 
was observed. 
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A second possibility is that the corrosion reaction 
was limited by a physical constraint such as oxygen 
diffusion. The cathodic reaction would consume all 
available oxygen in the concrete pore system and 
subsequently be limited by the rate at which oxygen 
could diffuse through the partially water filled 
pore system. 
A third possibility is the formation of corrosion 
products at the steel/concrete interface. A build 
up of product would result in polarisation of the 
anodic reaction, because of concentration polarisa- 
tion, and therefore a reduction in the corrosion 
rate. 
Similar reductions in galvanic current have been 
observed by Schiessl and Hollingshead C9.3,9.4 & 
9.5]. Schiessl attributes the reduction to concen- 
tration polarisation. In this study, the reduction 
was primarily attributed to the formation of anodic 
regions in previously cathodic areas as the chlor- 
ide level at the, steel increased. 
Analysis of the results from the SBR specimen 
suggests that the corrosion of the central bar 
afforded cathodic protection to'the outer bars. 
Five of the eight outer bars showed no signs of 
corrosion when removed from the specimen. Using the 
galvanic current measurements it can be seen that 
in those specimens repaired with SBR where no cor- 
rosion was found on the outer bars the current'-den- 
sity of 5- 10 mA/m2 usually employed for steel in 
concrete was provided by the corrosion of the 
active bar. 
igalv ý-- 0.15MA 
Area of bar to be protected: 
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2x3.14 x 0.18 x 0.02 
0.0226M2 
Current density; 
0.015MA/0.026m2 
6.63mýk/m2 
This current would be sufficient to polarise the- 
outer bars and prevent corrosion even in the pres- 
ence of chlorides. This argument is supported by 
the degree of polarisation achieved when adjacent 
bars are connected. 
This work suggests that the galvanic current data 
gave an accurate indication of; 
the initiation of corrosion. 
the identity of the corroding bar. 
the magnitude of the corrosion rate. 
It was noted that for several specimens the 
increase of galvanic current appeared to be propor- 
tional to the difference in the potential of the 
two bars forming the couple. Figure 9.38 shows a 
sample of potential difference vs galvanic current 
where the results have been taken from the two 
acrylic mortar specimens with moderate concrete 
substrates. There is a large scatter in the results 
but they show that in general as the difference 
between the potential of the two adjacent bars 
increased so did the galvanic current between them. 
Repassivation was clearly demonstrated by good 
specimen 2 of the 10mm concrete, Figure 9.8. After 
7 weeks the potential of bar B went more negative 
by approximately -150 mV also polarising the poten- 
tials of bars A and C in the process. There was a 
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coincidental rise in the magnitude of the galvanic 
current from less than 1. OuA to approximately 20 
uA. After 11 weeks the potential of all three bars 
returned to values more noble than -100 mV and the 
galvanic curent dropped to approximately 1.0 uA. 
The most likely explanation of this behaviour is 
that the rate of corrosion was under anodic con- 
trol. It is unlikely that the large cathodic area 
available was starved of oxygen over its whole 
surface, and that the anodic site could not main- 
tain the conditions necessary to promote corrosion. 
This may have been due to the formation-of cor- 
rosion products over the anodic site, a reduction 
in the chloride/ýydroxyl ion ratio or a combination 
of the two. It is not possible from the work in 
this study to prove which of these was the actual 
cause although it would seem from the results of 
the single material specimens work that the produc- 
tion of corrosion products is the most likely. This 
is an area where further, more fundamental research 
may be usefully directed. 
Examination of the igalv data from the ggbfs good 
specimen 1 supports the concentration polarization 
hypothesis and the stochastic nature of chloride 
induced corrosion of steel in concrete. There were 
cyclic peaks and troughs in the galvanic current 
data. The peaks are attributed to the formation of 
corrosion products at the steel/concrete interfacer 
i. e. the corrosion rate was reduced by concentra- 
tion polarisation. The peaks are attributed to the 
formation of new anodic sites elsewhere on the 
steel surface. An increasing chloride concentra- 
tion at the steel surface is suggested by the"trend 
to increased values of galvanic current. 
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Visual Observations 
It was observed during the breakout of the bars 
that the corrosion products were of different col- 
ours, green at the centre of anodic areas, turning 
black and red/brown at the edges. Figure 9.34 shows 
an example of the corrosion product on concrete. 
The formation of black corrosion products, magne- 
tite, on steel in concrete has been observed on 
structures and is attributed to a restricted oxygen 
supply at the anode [9.10] usually attributed to 
the high moisture content of the concrete. This 
observation suggests that the exposure cycle pro- 
duced conditions in these specimens similar to 
those encountered in practice. 
As with the single material specimens the'duplex 
coating on the bar ends performed well with failure 
being observed in only one case. 
9.4.4 comparison of Composite and Single Material 
Performance 
It is clear that the repair materials tested in the 
composite specimens did not perform as 
' 
well as in 
the single material specimens. Table 9.6 gives the 
comparative times to corrosion for the materials, 
( Note that the times for the single material speci- 
mens are for 10mm cover while the composite speci- 
mens are for 20mm, cover). As the monitoring cycle 
and test environment for the specimens were 
identical the difference in performance must be 
attributable to the differences in the specimen 
design. 
The main differences are listed below and their 
possible contribution to the change in performance 
discussed. 
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i) Reinforcing bar size, steel type and surface 
finish. 
ii) Quality of finish of the concrete on the pond- 
ing surface. 
connected areas of steel. 
iv) The presence of an interface between two 
materials and, in some cases, the presence of a 
bond coat. 
Steel in the single material specimens was 6mm 
diameter, drawn, mild steel bar, mechanically pol- 
ished to produce a bright finish. Bars in the com- 
posite specimens were 16mm diameter, ribbed, high 
yield steel, gritblasted to remove rust and 
millscale. Unpublished work by Cross-into the 
effect of steel type and bar diameter on the time 
to initiation of corrosion found no clear relation- 
, ship between these factors [9.11). To conclude, it 
is thought unlikely that the difference in steel, 
types was the cause of the difference in perform- 
ance. 
The single material specimens were cast in poly- 
thene lined, wooden moulds, the composite specimens 
were cast in Formica faced wooden moulds. Any 
difference in properties would be limited to a very 
thin layer [9.12]. The bulk properties of the con- 
crete,, given the identical mix proportions, cement 
type, aggregate type,, mixing, placing and curing, 
would be expected to outweigh any small difference 
in performance resulting from the surface finish. 
In the single material specimens the bars were iso- 
lated from each other, while in the composite 
specimens the bars were electrically connected 
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externally. Although the connection of the bars 
would not be expected to have affected the time to' 
initiation of corrosion it did affect the rate of 
corrosion as the anode had a much larger cathodic 
area to draw on than if it were a single bar. The, 
results from this work suggest that the connection 
of the bars would appear to have reduced the time 
to initiation of corrosion. Analysis of the data 
presented by Hollingshead [9.5] also shows a, reduc- 
tion in the time to corrosion for, linked bars com- 
pared to unlinked bars. 
The interface between the parent concrete and 
repair material appears to have been the most sig- 
nificant difference, between the two specimens. of 
the eleven specimens with a good, quality concrete, 
substrate which showed signs of corrosion-eight-of 
them showed it on the central bar first. All of-the 
central bars, apart from acrylic good 1, showed 
signs of corrosion activity when removed from the 
specimen. Most of the severe corrosion sites found 
on bars were at, or close to the interface area. 
This suggests that the difference in performance 
between the composite and single material specimens 
was caused by the interface between the repair 
material and the substrate concrete. 
Direct comparison of the chloride profiles obtained 
from the two different types of specimen was not 
possible because of the different sampling methods. 
(The samples for the single material specimens were 
collected by drilling into the specimen parallel to 
the ponding surface, for the composite specimens 
the, samples were drilled perpendicular to the pond- 
ing surface). 
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Notwithstanding this difference, the data suggests 
that the good quality concrete generally had higher 
chloride levels after 6 months of exposure in the 
composite specimens than in the single materials. 
This difference was not restricted to the samples 
20mm from the interface although this was where the 
difference was largest. 
This suggests that the chloride penetration per- 
formance of the concrete was different. Both con- 
cretes were cast using the same mix design and 
under the same mixing, placing and curing 
conditions which should preclude differences in 
material properties. Therefore, the difference in 
performance must be attributed to the fact that the 
composite specimens had an interface through which 
the chloride seems to have penetrated preferen- 
tially, by a route down the interface then lat- 
erally into the parent concrete. 
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'N 
1. The time to corrosion of the first bar to corrode in 
each specimen was identifiable by a coincident drop 
in rest potential and an increase in galvanic cur- 
rent from the other bars in the specimen. 
2. The time to corrosion performance of the composite 
specimens was significantly reduced compared to the 
corresponding times for the materials in the single 
material specimens. 
3. Ranking the materials tested in order of increasing 
time to corrosion, using the results from the good 
quality concrete substrate specimens gives the fol- 
lowing: 
Worst Lightweight epoxy mortar 
Flowing concrete 
SBR modified mortar 
10mm aggregate concrete 
GGBFS/OPC concrete 
Best Acrylic modified mortar 
4. In 17 out of 23 cases corrosion was initiated on the 
central bar. Visual examination of the bars showed 
that the anodic regions were located at the inter- 
face between the repair material and the substrate 
concrete. 
5. Results from chloride profiling indicated that the 
interface provided a path for preferential penetra- 
tion of chloride. 
6. With the exception of the lightweight epoxy mortar 
no corrosion was found on the bars embedded in the 
repair materials. This confirms the findings of the 
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single material studies, that the materials them- 
selves provided good protection to the steel from 
chloride induced corrosion. 
7. The measurement of galvanic current was shown to 
give an accurate indication of the initiation of 
corrosion, the identity of the corroding bar and, the 
magnitude of the corrosion rate. 
S. The wet/dry ponding regime produced shorter times to 
corrosion than found with natural exposure tests 
conducted by others. Corrosion products observed 
were similar to those observed on real structures. 
9. The cause of the difference in performance between 
the single material and composite material specimens 
was probably the presence of the interface between 
the concrete substrate and the repair material. 
1O. The results suggest that the incipient anode effect, 
normally attributed to residual chloride levels 
around the repair, may,, in some cases, be due to the 
presence of the interface providing an easy route 
for subsequent chloride exposure. 
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Table 9.1 Results from the chloride testing of the half 
and half specimens. 
Time of exposure (months) 
Distance from 3 months 6 months 12 months 
interface (mm) 20 40 60 20 -- 40 60 - 20 40 60 
Material halt Vol pDtw t 
range (mm) 
- - - --- - -- -- - - -- i0mis concrete/ lomm, 0-10 Fr U-M W . IT r7 r r. -W T .W T=. 
moderate concrete 10-25 0.16 0.23 0.17 0.10 0.1 0.13 
25-40 0.15 
moderate 0-10 1.45 XXXXXXX 3.7 2.28 2.28 . "' 
10-25 0.57 0.51 XXXXXXX 1.54 1.71 2.20 1.03 1.29 1.03 
25-40 0.3 . XXXX)Q(X 1.03 1.03 1.42 0.66 0.71 0.6 
Umm concrete/ lomm 0-10 0.56 0.4 1 0.63 0.71 0.75 0.65 
good concrete 10-25 0.23 
25-40 
- good 1.04' - T. T - 10-25 0.76 0.36 O. t2 0.66 0.25 0.55 
25-40 0.15 0.16 
ggbfo concrete/ ggbfx 0-10 XXXXXXX XXXXXXX XXXXXXX 2.33 1.34 1.14 XXXXXXX XXXXXXX XXXXXXX 
moderate concrete 10-25 XXXXXXX XXXXXXX XXXXXXX 0.31 0.41 XXXXXXX XXXXXXX XXXXXXX 
25-40 XXXX)= XXXXXXX XXXXXXX 0.41 0.1e XXXXXXX XXXXXXX XXXXXXX 
ggbfs concrete/ ggbfs 0-10 XXXXXXX XXXXXXX 3.27 I. Ir -SMMBBr MMM XXXXXXX 
good concrete 10-25 XXXXXXX XXXXXXX XXXXXXX 0.67 0.3 0.49 XXX)O= ==XX X=D= 
25-40 XXXXXXX XXX XXXXXXX 0.20 0.2 0.35 XXXXXXX XXX)O= XXXXXXX 
flowing concrete/ flowing 
moderate concrete 10-25 0.04 0.05 0.04 0.03 0.06 0.06 0.04 
25-40 0.04 0.03 0.03 O. Od 0.04 
; zTerate, 0-10 2.39 2.73 1. =. 99 2.73 2.99 2.62 2.51 
10-25 1.42 0.51 0.63 1.14 1.05 1.48 1.92 1.6 1.6 
- - 
25-40 
- - 
1.05 
- 
1 0.00 0.71 1.05 0.65 1.34 
Ilowing concr*t *7 flowing T- rT 0.04 0.14 0.16 T. 'M 0.13 -U-. M 
good concrete 10-25 0.04 0.04 0.03 0.04 0.03 
25-dO 
- 
0.04 0.02 0.06 0.03 
good 0-10 071 -x-ZZMM L. 91. 1.4 XXXXXXX XXXWX 3MTM XXXXXXX 
10-25 0.21 XXXXXXX 0.72 0.25 XXXXXXX XXXXXXX XXXXXXX XXXXXXX 
25-40 . XXXXXXX . XXXXXXX XXXXXXX XXXXXXX XXXXXXX 
acrylic mortar/ acrylic O-LO 0.0 0.05 0.5 XXXXXXX MM= XXXXXXX 0.26 0.14 O. Xj 
moderate concrete 10-25 XX== X==X XXXXXXX 
25-40 XXXXXXX XXXXXXX XXXXXXX 
-- - moderate 0-10 L. 7L I XXXXXXX XXXXZW M55W 2.22 2.22 !. 45, 
10-25 0.80 0.59 0.91 XXXXXXX XXXXXXX XXXXXXX 1.26 1.48 1.6 
25-40 0.46 0.4 0.51 xxxxxxx XXXXXXX 
' 
X)=XXX 1 0.68 
acrylic mortar/ acrylic 0-10 4 XXXXXXX XXXXXXX XXXXXXX - 0.1 0.06 * 6 0.08 
good concrete 10-25 XXXXXXX 
E E 
XX== XXXXXXX 
25-40 M XX XXXXXXX XXXXXXX 
good 0-10 1.14 0.69 0.93 -ZMRRW XXXXXXX 2.12' 
E 
1.93 
10-25 0.3 XXXX M XXXXXXX XXXXXXX 1.06 O 3 2 0.34 
25-40 0.16 XXXXXX X XXXXXXX XXXXXXX 0.21 
sbr mortar/ sbr 0-10 0.19 0.2 0.25 . 19 0.33 
moderate concrete 10-25 0.04 0.03 0.03 0.04 0.04 0.04 
25-40 0.03 0.03 0.04 0.05 
moderate 0-10 2.99 2.16 1.99 3.09 --- T. W xxxxxxx 7.69 6.55 XXXXXXX, 
10-25 1.49 0.77 0.71 2.05 2.16 XXXXXXX 3.65 2.30 XXXXXXX 
25-40 0.51 0.63 0.31 0.95 0.54 XXXXXXX 0.0 0.6 XXXXXXX 
sbr mortar/ sbr 0-10 0.15 0.12- --- rTr --= --= --=. -a=. --T. W 
good concrete 10-25 0.05 0.03 0.03 0.05 0.02 0.02 0.07 0.19 0.09 
25-40 0.03 0.07 
, 
0.02 0.02 0.05 0.00 
, 
0.08 
good 0-10 1.19 XXXXXXX 2.54 2.97 XXXXXXX XXXXYXX XXXXXXX XXXXXXX 
10-25 0.74 0.3 XXXXXXX 1.44 1.06 XXXXXXX XXXXXXX XXXXXXX XxXXXXX 
25-40 0.4 0.4 XXXXXXX 0.53 0.22 XXXXXXX XXXXXXX XXXXXXX XXXXXXX 
I/wt epoxy mortar/ moderate 0-10 0.37 0.27 0.37 =. -T. -M ,2 59 a 16 , -rW 
moderate concrete 10-25 1.22 1.65 
. 
1.45 
. 
1.34 1.54 1.22 
25-40 0.37 0.37 0.40 0.6 0.0 . 83 I/wt epoxy mortar/ good 0-10 1 0 61 1.75 14 0 57 0.66 0 23 
good concrete 10-25 
1 
0.21 0. 3 
: 
0 32 
: . 
1: 14 
25-40 . I . . 1 
0.36 
Notes: 
XX)=XXXXXXXXXXXXXXXXXXXXxx No sample taken 
Chloride level below the sensitivity of the electrode 
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Material Specimen Time under Time to corrosion for Bar 
test first bar 
(weeks) (weeks) 
1 Omm Agg concrete Moderate 1 69 1 B 
Moderate 2 69 5 B 
Good 1 69 49 B 
Good 2 69 17 B 
GGBFS\OPC concrete Moderate 1 69 1 B 
Moderate 2 69 1 C 
Good 1 69 13 B 
Good 2 69 61 A 
Flowing concrete Moderate 1 63 1 B 
Moderate 2 63 1 B 
Good 1 63 1 B 
Good 2 63 15 C 
Acrylic modified mortar Moderate 1 69 1 B 
Moderate 2 69 7 C 
Good 1 69 
Good 2 69 27 B 
SBR modified mortar Moderate 1 61 1 B 
Moderate 2 61 1 B 
Good 1 61 1 B 
Good 2 61 23 C 
Uwt epoxy mortar Moderate 1 61 3 A 
Moderate 2 61 1 B 
Good 1 61 5 B 
Good 2 61 3 B 
Note: - No corrosion 
Table 9.3 Time to corrosion In weeks for the first bar In each 
specimen to show signs of corrosion. 
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Table 9.4 Number of interface sites'with visible cor- 
rosion at the end of the exposure period. 
Material Number of interface cor rosion sites 
Moderate substrate Good substrate 
1 Omm Agg concrete 4 4 
GGBFSIOPC concrete 3 2 
Flowing concrete 2 4 
Acrylic modified mortar 2 2 
SBR modified mortar 4 4 
Lkwt epoxy mortar 3 4 
ITotal 18 20 
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Table 9.5 Sample of potential data showing the polari- 
sation of bars when connected (Acrylic, good specimen 2 
at 67 weeks of exposure). 
All bars disconnected All bars con nected 
Bar A Bar B Bar C Bar A Bar B Bar C 
-316 -260 -466 -357 -390 -449 
-304 -246 -440 -339 -373 -442 
-297 -219 -428 -330 -345 -414 
-294 -211 -407 -331 -332 -378 
-294 -209 -390 -329 -327 -356 
-296 -212 -385 -331 -333 -343 
-295 -210 -383 -330 -332 -338 
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Table 9.6 Comparison of the time to corrosion for com- 
posite and single material specimens. 
Material Time to corrosion (wee s) 
Composite Single material 
1 Omm Agg concrete 17-49 11-15 
GGBFS\OPC concrete 13-61 49 
Flowing concrete 1-15 - 
Acrylic modified mortar 27->67 
SBR modified mortar 1-23 
L\wt epoxy mortar 3-5 
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Figure 9.9(b) Flowing concrete 
moderate concrete specimen 1 
Galvanic current vs time 
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Figure 9.9(a) Flowing concrete 
moderate concrete specimen 1 
Rest potential vs time 
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Figure 9.10(b) Flowing concrete 
moderate concrete specimen 2 
Galvanic current vs time 
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Figure 9.10(a) Flowing concrete 
moderate concrete specimen 2 
Rest potential vs time 
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Figure 9.11(b) Flowing concrete 
good concrete specimen 2 
Galvanic current vs time 
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Figure 9.1 1(a) Flowing concrete 
good concrete specimen 1 
Rest potential vs time 
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Figure 9.12(b) Flowing concrete 
good concrete specimen 2 
Rest potential vs time 
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Figure 9.12(a) Flowing concrete 
good concrete specimen 2 
Rest potential vs time 
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Figure 9.13(b) SBR mortar 
moderate concrete specimen 1 
Galvanic current vs time 
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Figure 9.13(a) SBR mortar 
moderate concrete specimen 1 
Rest potential vs time 
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Figure 9.14(b) SBR mortar 
moderate concrte specimen 2 
Galvanic current vs time 
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Figure 9.14(a) SBR mortar 
moderate concrete specimen 2 
Rest potential vs time 
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Figure 9.15(b) SBR mortar 
good concrete specimen 1 
Galvanic current vs time 
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Figure 9.15(a) SBR mortar 
good concrete specimen 1 
Rest potential vs time 
10 20 30 40 50 60 70 
Time (weeks) 
0 
-100 
lo-% 
-200 
in 
E -300 
0 
u UJ -400 
-500 
-600 L 
0 10 20 30 40 50 
Time (weeks) 
Figure 9.16(b) SBR mortar 
good concrete specimen 2 
Galvanic current vs time 
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Figure 9.16(a) SBR mortar 
good concrete specimen 2 
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Figure 9.17(b) GGBFS/OPC concrete 
moderate concrete specimen 1 
Galvanic current vs time 
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Figure 9.17(a) GGBFS/OPC concrete 
moderate concrete specimen 1 
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Figure 9.18(b) GGBFS/OPC concrete 
moderate concrete specimen 2 
Galvanic current vs time 
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Figure 9.18(a) GGBFS/OPC concrete 
moderate concrete specimen 2 
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Figure 9.19(b) GGBFS/OPC concrete 
good concrete specimen 1 
Galvanic current vs time 
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Figure 9.19(a) GGBFS/OPC concrete 
good concrete specimen 1 
Rest potential vs time 
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Figure 9.20(b) GGBFS/OPC concrete 
good concrete specimen 2 
Galvanic current vs time 
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Figure 9.20(a) GGBFS/OPC concrete 
good concrete specimen 2 
Rest potential vs time 
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Figure 9.21(b) Acrylic mortar 
moderate concrete specimen 1 
Galvanic current vs time 
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Figure 9.21(a) Acrylic mortar 
moderate concrete specimen 1 
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10 20 30 40 50 60 70 
Time (weeks) 
0 
-100 
"I-, % 
U-1 -200 0 
E ; 300 
0 
Lý -400 u 
-500 
Bar A 
0- 
Bar B 
S- 
B ar C 
-600 
ýII 
--- I-II 0 10 20 30 40 50 60 70 
Time (weeks) 
Figure 9.22(b) Acrylic mortar 
moderate concrete specimen 2 
Galvanic current vs time 
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Figure 9.22(a) Acrylic mortar 
moderate concrete specimen 2 
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Figure 9.23(a) Acrylic mortar 
good concrete specimen 1 
Rest potential vs time 
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Figure 9.23(b) Acrylic mortar 
good concrete specimen 1 
Galvanic current vs time 
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Figure 9.24(a) Acrylic mortar 
good concrete specimen 2 
Rest potential vs time 
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Figure 9.24(b) Acrylic mortar 
good concrete specimen 2 
Galvanic current vs time 
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Figure 9.29 Condition of bars removed from the SBR mod- 
erate concrete specimen 1. Note the extensive corrosion 
on the central bar either side of the repaired area 
(shown by the hatched area in the background). 
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Figure 9.30 Condition of the bars removed from the 
lightweight epoxy mortar good concrete specimenl. Note 
the general corrosion of the bar in the repair area. 
... I 
Figure 9.31 Bars from the 10mm concrete, good concrete 
specimen 2. Note the heavy corrosion adjacent to the 
repair area. 
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Figure 9.32 Bars from the 10mm concrete moderate con- 
crete specimen 1. Note the corrosion at the interface 
on the central bar and corrosion on the outer bars. 
Figure 9.33 The result of a silver nitrate spray test 
to assess the extent of chloride penetration. Note the 
greater penetration at the interface between the repair 
and the substrate concrete. 
4) 
Figure 9.34 Corrosion product adhering to the concrete. 
Note the variation in colour of the corrosion product, 
from green in the centre through black to red/brown at 
the edges, suggesting different degrees of oxidation. 
Figure 9.35 Shrinkage crack between repair material and 
concrete substrate in the SBR mortar, good concrete 
specimen 2. 
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Figure 9.36 Variation of potential across 
the surface of a composite specimen 
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Figure 9.37(a) Polarisatlon diagram for anodic and cathodic reactions 
of steel In concrete with varying chlorlde concentration. 
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Figure 9.37(b) Polarlsation diagram showing the effect of a 
corroding central bar on the corrosion of outer bare 
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The single materials specimens produced results in the 
form of time to initiation of corrosion and active 
corrosion rates for eight out of the fourteen 
materials under. test at the 10mm depth of cover, two 
materials at the 25mm depth of cover and one material 
at the 40mm depth of cover. No corrosion was induced 
by factors other than chloride concentration. The 
minimum monitoring period was 18 months the maximum 
was 30 months. As a result the comparative performance 
of eight materials has been established for lomm cover 
bars. The performance of the remaining six materials 
and cover depths cannot be included in this compara- 
tive ranking except to say that they all prevented 
corrosion initiation for a minimum of 18 months. The 
comparative ranking of the materials in the single 
material specimen testing is given below: 
Worst 'Moderate' OPC concrete 
Silicate modified mortar 
Methyl-methacrylate mortar 
10mm aggregate OPC concrete 
'Good' OPC concrete 
PFA/OPC concrete 
Sand/Cement mortar 
Best GGBFS/OPC concrete 
These materials showed no signs of corrosion. 
'Flowing' concrete 
Microsilica/OPC concrete 
Acrylic modified mortar 
SBR modified mortar 
Epoxy mortar 
Lightweight epoxy mortar 
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Initiation of corrosion in the single material speci- 
mens was followed by three forms of behaviour. 
(i) Short-term repassivation. 
(ii) Long-term repassivation. 
(iii) Constantly increasing rate of corrosion. 
Behaviour types (i) and (ii) were seen mainly on bars 
at 10mm cover and to a lesser extent on bars at 25mm 
cover. This type of behaviour was not material spe- 
cific. Investigation into the difference in perform- 
ance between 10mm cover bars and bars at greater 
depths of cover revealed; 
(i) Different corrosion products at different depths of 
cover, namely magnetite at 10mm and hydrated ferrous 
oxide at 25mm. 
(ii)Greater metal loss, from visual examination, gravi- 
metric analysis and corrosion rate calculation, at 25 
and 40mm cover than at 10mm cover. 
(iii) Caps of corrosion product over anodic sites on lomm 
cover bars, open pits on 25 and 40mm cover bars. 
(iv) Dif f erent Ecorr versus 109 icorr relationships at 
10mm cover compared to those at 25 and 40mm, cover. 
It would appear from these observations that the lomm 
cover bars were in an environment significantly dif- 
ferent to the 25 and 40mm cover bars. Examination of 
the, data and that of previous workers has suggested 
that the lomm cover bars were in a saturated zone of 
concrete for long periods during the experiment. The 
degree of saturation resulted in the rate of corrosion 
at the lomm cover depth being limited by the rate of 
oxygen diffusion through the pore solution. This was 
the cause of the short-term repassivation effect. The 
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saturated, oxygen depleted environment resulted in the 
formation of magnetite close to the surface of the 
anodic site. This magnetite formed progressively 
thicker caps over the anodic sites restricting access 
of further anions to the pit and was probably the 
cause of the long-term repassivation effect. 
3. Chloride concentrations measured at intervals during 
the exposure of the specimens suggested that the con- 
centration at initiation of corrosion varied within 
the range of 0.2 to 0.5 % by weight of cement. 
4. The results from the composite specimens showed that 
the time to corrosion of the first bar to corrode in 
each specimen was identifiable by a coincident drop in 
rest potential and an increase in galvanic current 
from the other bars in the specimen. The time to cor- 
rosion performance of the specimens was significantly 
reduced compared to the corresponding 'times for the 
materials in the single material specimens. Ranking 
the materials tested in order of increasing time to 
corrosion, using the results from the good quality 
concrete substrate specimens, gives the following: 
Worst Lightweight epoxy mortar 
Flowing concrete 
SBR modified mortar 
10mm aggregate concrete 
GGBFS/OPC concrete 
Best Acrylic modified mortar 
In 17 out of 23 cases corrosion was initiated on, the 
central bar. Visual examination of the bars showed 
that the anodic regions were at the interface between 
the repair material and the substrate concrete. 
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; Results from chloride profiling, although not conclus- 
ive, suggested that the interface provided a path for 
preferential penetration of chloride. 
With the exception of the lightweight epoxy mortar no 
corrosion was found on the bars embedded in the repair 
materials in the composite specimens. This confirms 
the findings of the single material studies, that the 
materials themselves provided good protection to the 
steel from chloride induced corrosion. 
5. Analysis of the results f rom the material property 
tests and the corrosion performance work showed a 
possible correlation between the ranking of the 
adhesion bond strength of materials and the ranking of 
time to corrosion of the materials used in the compos- 
ite specimen section of the work. This suggests that 
the likely corrosion performance of a repair material 
may be controlled by the bond strength of the 
repair/parent interface and hence may be indicated by 
a simple bond strength test. Measurements of the 
physical properties of the materials also showed sig- 
nificant differences between the modulus of elasticity 
and coefficient of thermal expansion of normal 
concrete and repair materials. Although these differ- 
ences are not thought to have contributed to the per- 
formance of the composite specimens in the laboratory, 
they could have a significant effect in generating 
stresses at the interface between repair materials and 
concrete exposed to real environments. 
6. Therefore it can be concluded that the cause of the 
difference in performance between the single material 
and composite material specimens was the presence of 
the interface between the concrete substrate and the 
repair material. 
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1. The area with the most obvious potential for further 
investigation is the interface between the substrate 
concrete and the repair and its effect on the penetra- 
tion of chloride ions from an external environment. It 
would appear that the ability of the interface to 
resist the ingress of chloride ions is the controlling 
factor in corrosion performance and that the resis- 
tance of the interface is not necessarily limited to 
the performance of the two adjoining materials but how 
they perform as a composite. The chloride profile 
results from the composite specimens indicated that 
chloride ions penetrated the interface more readily 
than the adjoining materials. Unfortunately the sampl- 
ing techniques used were not sufficiently sensitive to 
show this conclusively. 
Therefore, it is recommended that the chloride pen- 
etration behaviour at the interface is investigated in 
a more detailed manner. This could be done using a 
similar specimen design but a more sensitive sampling 
method, such as grinding. with a suitable sample size 
and the correct equipment it is possible to obtain 
chloride profiles with increments of imm rather than 
the 20mm used in this study. This improvement in accu- 
racy should provide the data necessary to quantify the 
chloride penetration behaviour close to the interface. 
2. The results from the composite specimens showed 
clearly that the interface was the weak link in the 
performance of a repair, most probably because of the 
preferential ingress of chloride. Although the reason 
for the preferential ingress is not clear, the most 
probable physical factor is shrinkage of the repair 
material causing the development of shrinkage cracks 
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at the interface. In addition to the shrinkage problem 
there is also the possibility of stresses concentrat- 
ing at the interface due tc differences in the thermal 
behaviour of the repair material and substrate 
concrete. 
Therefore it would be valuable to investigate the 
stresses which develop across the interface between 
the repair and concrete substrate, during the early 
life of the repair, as it changes from a plastic to a 
hardened material, and in later life, as it is sub- 
jected to thermal cycles. Some work on this latter 
aspect has been undertaken by other researchers in the 
form of a 'thunder shower' test, where the objective 
is to assess the ability of a repair overlay to remain 
bonded to a concrete substrate while undergoing a 
simulated summer thunder storm. The results f rom. these 
studies are largely qualitative (i. e. the bond either 
fails or it doesn't). It is suggested that a suitably 
designed and instrumented specimen could provide valu- 
able data on the development of stresses caused by the 
early age drying shrinkage and subsequent thermal 
cycling of a repair. 
3. The results f rom the single material specimens showed 
some interesting differences in corrosion behaviour 
for the bars at different depth of cover. The reasons 
behind these differences have been explored and a 
logical argument developed to explain them. If the 
argument is correct it would appear that the rate of 
corrosion can be influenced by small differences in 
the environment local to the steel/concrete interface. 
This suggests that more fundamental research into the 
formation and build up of corrosion products is 
required to investigate the initiation repassivation 
behaviour and the mechanisms involved. 
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4. If this type of work is to be repeated then modifica- 
tions could be made which would enable results 'to be 
generated more quickly. The wet/dry ponding cycle 
could be changed to give a bigger ratio of dry to wet, 
perhaps I day wet to every 6 days dry. The temperature 
at'which the experiment is carried out could be 
increased to 400C and the relative humidity of the 
drying period controlled at a level below the 65% 
encoutered in laboratories. These changes would pro- 
duce an environment which would promote more rapid 
chloride ingress, resulting in a shorter time to 
initiation of corrosion, resulting in a higher cor- 
rosion rate, and a shorter time to physical damage. 
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A. 1 Measurement of Chloride Content Using Quantab Strips 
A sample of drilled dust weighing 5g was placed into a 
glass beaker. 
10ml of concentrated nitric acid (0.1N) was added and 
stirred. 
The solution was made up to 50ml using distilled water 
and stirred until the reaction of the acid with the dust 
sample was complete. 
The solution was then neutralised by the addition of 
CaC03 until no further reaction was observed. 
The solution was then filtered and the filtrate col- 
lected. 
A quantab strip was placed into the filtrate and left in 
position until the indicator strip had changed colour 
from orange to blue. 
The peak of the colour change on the scale was then 
recorded and used as input for the calculation of the 
chloride content of the sample as shown below. 
Example Calculation 
Reading from the scale =2.6 
converted to mg Cl/litre, 
from the calibration chart =14 
Sample size is 5g/50ml 
therefore to convert test 
result to mg Cl/litre, =1400 
multiply by 100 
To convert to %Cl/weight 
of sample, divide by =0.14 
10"000 
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To convert to %Cl/weight 
of cement, muliply by the 
ratio of cement to aggre- 
gate (eg. for a 6: 1 con- =0.98 
crete, multiply by 6+1) 
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